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PREFAC E 

The present lectiires were ilelivered at the University of Cnli- 
^omia, in Berkeley, during the summer of 1904. 

I have for a, long time wiaheil to give a. coherent account of 
development of theories in general chemistry. This seemed 
to mo the more desirahle because the latest extensions of this 
science are often, both by its followers and by its opponents, 
regarded as something wholly new and quite independent of the 
progress in the past. 

Many seem to hold the opinion that the new developments 

are the more to be admired, the less dependent they are on 

the older chemical theories. In my opinion, nothing could 

be less correct. It ia just the circumstance that the new 

theoretical discoveries have developed organically from the old 

generally accepted ideas, that is to me their most promising 

feature. I hope to make clear in these lectures that the new 

chapters in theoretical ohemistry are a consequent and necessary 

continuation of the old science, according to the method which 

has ruled the development of eliemistry as an exact branch of 

knowledge in the \eat century. If the scientists, who believe 

that it ia possible to undermine the more modern parts of this 

I scientific edifice, had thoroughly considered the matter, they 

would find that their efforts, if successful, would simultaneously 

demolish the neighbouring older parts, which, however, they 

I consider to bo so firmly established that they cannot bo ovor- 

L thrown even by the most vigorous attacks. These opponents 

[- would, therefore, he better advised to confine themselves to the 

I replacement of some of the building-stones by new ones, or to 
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the elaboration of some of the external features, or perhape, 
also, to the strengthening of the foundations. But they should 
not necessarily try to alter the style of the newly built parts, 
.for this style is a consequence of the modern method of working 
and of the nature of the scientific material of the building. 
The working method, as well as the materials, is, on the whole, 
of nearly the same kind now as when Boyle, Lavoisier, Richter, 
and Dalton laid the foundations of modem chemistry. 

If we consider the historical development of our science, we 
find that very often — in fact, nearly always — the new builders, 
when they carried out their work, did not know, or at least 
did not take into consideration, the plans of the older parts. 
Nevertheless, we observe that similar styles have been used 
both now and in the past. This fact is due to the circumstance 
that we have learnt to work by the aid of the experience col- 
lected during generations. It is scarcely of use to examine 
whether the construction would have proceeded more rapidly 
if the scientists of !o-day had always kept the building plans 
of the old masters in view. I can only express my personal 
opinion, which is, that the present mode of working is the most 
fruitful one. In reality, the working method changes slowly 
as better working instruments are introduced, and at the same 
time, without ourselves observing it, we also modernize the 
older parts of the building, bringing them into perfect agree- 
ment with the newer ones, by many small alterations which 
are hardly noticeable. 

It is the extreme ease with which this adaptation of the 
older parts to the newer ones can be effected that gives the 
best proof of the soundness and validity of our theoretical ideas. 
I venture to hope that all who read these lectures will find 
that the recent developments in theoretical chemistry can be 
submitted to this test with confidence. 

To the lectures held in Berkeley I have added some remarks 
in reference to recent publications bearing on theoretical ques- 
tions. I am indebted to my friends Prof. W. Tate (of Calcutta) 



PREFACE vii 

and Dr. T. Slater Price for revision of the manuscript, and for 
many friendly hints and criticisms. By the publication of 
these lectures I also wish to recall many pleasant memories to 
my Californian friends and colleagues, who gave me such a 
cordial and unforgettable reception in their beautiful country. 
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INTRODUCTION : THE USE OF THEORIES 

the following lectures I shall have the honour of bringing 
before you some account of the development of theories in 

ihemiatry. 

To commence, then, at the beginning, we have to ask 

■uraelves : " What ia the characteristic feature of a theory ? " 
Most people would answer : " A theory is something unpractical." 
Nothing could be more incorrect. It ia just the contrary. As 
Boltzmann once said, " A theory should be the most practical 
Bxposition of facts." As an example he cites the theory of the 

londuction of electricity, the greater part of which is embodied 
ia Ohm's law. Before Ohm had formulated his law, which he 
deduced from theoretical considerations, an endless number of 
experiments were made to ascertain the i;onnection between the 
strength of a current (estimated either according to the bright- 
)f the sparks produced on breaking the circuit, or from the 
deflection of a magnet) and the number of voltaic cells used for 
its production. The cells, however, did not possess a constant 
resistance, and their electromotive force changed rapidly with 
the time, so that it was very difficult to deduce the law, 
expressing the connection sought for, from purely experimental 
data. 

Ohm,' however, applied deductions which he derived mainly 
from the results of Fourier's classical researches on the con- 
duction of heat. Just as the quantity of beat flowing through 

' Cf. Ohm, hie galvaiiiielie Kette, Neudrnck. Leipzig and Wien : ToepliU 
I nod Deoticlte. 1887. 
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a parallelepiped, the ends of which are maintained at the con'w 
stant temperatures ti and t^ respectively, is proportional to tlu ^^ 
cross-section and inversely proportional to the length of J^^' I 
parallelopiped, also proportional to the difference of tempei 
{ti — ^o) *^^ *^ ^ constant, called the specific conductivity fc 
heat, characteristic of the substance of which the parallelopii 
is made ; so, in the same way, the current of electricity throu^l 
a parallelopiped {e,g, a cylinder or a wire) ought to be propoi- 
tional to the cross-section and inversely proportional to 
length of the parallelopiped, also proportional to the differehc 
of electrical potential between its end surfaces and to a const 
called the specific electrical conductivity, characteristic of 
substance. In this way Ohm arrived at his law, and 
experiments which have since been made on the strengttl 
of electric currents have verified it. 

Now, even if Ohm's law had only been true for 
currents, and deviations from it had been found for si 
currents, it would nevertheless have been extremely us( 
Because of its quantitative formulation, it was possible to calcihl t 
late the strength of a given current and compare this calculfttell 1 
value with the observed one. If now both had not ai 
within the limits of experimental error, it would have 
necessary to seek for the cause of this deviation. In this waj 
we should have found either that the electromotive fc 
(i.e. the potential difference) applied to the ends of the 
was not that used in the calculation, or that a wrong value 
been assumed for the constant representing the electrical 
ductivity of the wire. We should then have made a nei 
experiment, taking care that the electromotive force and 
conductivity were of the supposed values, and then obs< 
if the value of the current agreed with that of the previoi 
observation or with the calculated value, within the limits 
experimental error. In the latter case an experimental pi 
of the truth of the law would have been given. This proof hail 
been obtained by so many observers that if the former case 
were ever to occur we should conclude that some hitherto 
unknown phenomenon had been met with, or that some error 
had been made in the measurements. In order to decide] 
between these alternatives it would be necessary to make newl 
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111 still more careful experiments. Without the tlteory there 
thonld have been no reason for new and more accurate research. 
\\ general, after a theory (expressed concisely by means of 
formula) has been verified in a great number of cases, it is of 
le highest practical value, for ifc permits us to calculate — much 
core accurately than we could determine experimentally — the 
magnitude of one of the c[uantities {e.g. the strength of current) 
represented in the formula, when the others are known. Thu3 
tlieory is the greatest promoter of acientifie research. 

Eeturning to our conaideration of Ohm's law, we Gnd that 
it leads to researches on the influence of temperature, pressure, 
and time on the conductivity of different aubstances, and on the 
ieffect of dilution on the conductivity of electrolytes. In recent 
times such researches have resulted in the development of the 
theory of electrolytic dissociation. In this case Ohm's law was 
used, together with other laws deduced from van't Hoifs theory 
iof the freezing-point of aolutione. 

Before a theory is establisbedj we generally find an hypo- 
thesis used, which later on mny develop into a theory. Such an 
hypothesis was, for instance, the assumption that it is the 
electromotive force (proportional to the number of cells used) 
that drives the electric current, which may be regarded as the 
motion of a substance through the conducting wires. (At the 
time of Ohm's discovery heat and electricity were regarded as 
matter.) All researches previous to Ohm's on the connection 
between the number of cells acting and the strength of the 
current must have been based on this hypothesis. 

The work of Ohm transformed this rather vague and incom- 
plete hypothesis into a law, Qiiantitalive formulation, that is, 
the establishing of a connection, expressed by a formula, between 
different quantitatively measurable magnitudes, is the peculiar 
feature of a law or A theory. Of course, this is only valid 
for the so-called exact sciences, which deal with measurable 
quantities. A pm'ely descriptive science develops to an exact 
one in so far as it introduces theories in the above sense, and it 
is just the development of chemistry in this direction in the 
last centuiy which may be regarded as one of the best illustrations 
of our statement. 

The introduction of statistical methods in biological sciencii 
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as has been done in modern physiological researches on t 
development of living organisms, permits of the establishment 
theories in these branches of knowledge. In biok^ 
the word " theory " is often used in the same sense as h; 
still, this has no influence upon our study of theories in 
sciences. 

The main feature of a theory is, as we have just said, 
bearing upon " quantities." It follows that measuring insi 
ments must have been introduced before a theory can be 
established. In the case of Ohm's theory of the electric cnrrenl; 
such an instrument was the galvanometer which had just beei 
constructed by Schweigger. 

According to the definition given above, the so-calM 
phlogiston theory does not at all merit its name, for no instn- 
ment was devised for measuring the quantity of phlogiston, )s\ 
the combination of which with the calces (oxides) metals ym 
supposed to be produced. It was only an hjrpothesis whid 
might have been developed into a theory, if some one \sk 
measured phlogiston, after working out a clear conception of ib 
nature. Thus, for instance, it would have been possible to pit 
the quantity of phlogiston given ofif on the oxidation of a mi 
equal to the quantity of heat developed during this p; 
the heat being measured calorimetrically. (In reality the 
conception of phlogiston seems most nearly to correspond 
this quantity of heat.) But instead of using a calorimei 
Lavoisier employed the balance for investigating the phenom< 
of calcination; and he found that just as much oxygen 
appears during the calcination of a metal (he used tin, lead, ai 
quicksilver) as the metal gains in weight. 

He therefore propounded the theory that calcination consi 
of the combination of a metal with oxygen, and he dem< 
strated his theory by quantitative measurements. With this 
theory the old phlogiston hypothesis, lacking all quantitatiYB 
foundation, did not agree, and was therefore given up. 

The quantitative use of the balance resulted afterwards in 
the atomic theory of Dalton, of which the most important 
feature is the law of multiple proportions. This theory was • 
development of the atomic hypothesis of Democritus, which 
already been known to science for about 2300 years. 
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■H on there have already seen, theories have a practical side of 
Wuoent oLportance in that they economize experimental work. 
Ve may compare the work of oa investigator, who wishes to 
nd the conuection between two factoi-s which are of influence 
ipon natural pheoomena, and who is not guided by a theory, 
nth the work of an engineer, who wishes to connect two 
owns, situated on the opposite sides of a range of mountains, 
ly means of a tunnel, and who breaks down a whole mountain 
in order to be sure of finding the shortest and easiest route. 
The scientific worker who uses a theory forms an opinion of 
rhe most convenient way of solving his problems. He is to be 
compared with the engineer who, by means of a preliminary 
survey, has formed an opinion of the relative positions of the 
two towns and of the mountain range^ and with the aid of his 
instruments points out the direction on the two sides of the 
mountain in which his men have to bore the tunnel. If the 
opinion of the engineer is not quite correct, the tunnels from 
both sides will not meet precisely in the middle of the 
rnountain, but the axis of the one will be distant some few feet 
from that of the other. Small cotxections have then to be 
made at the point of intersection by widening the tunnel. 

In the same way the theoretical considerations of the 
scientific worker may lead him a little astray ; they must then 
be corrected slightly and improved. But from hi.s quantita- 
tive measurements he finds the natural law which connects 
together the two factors examined. For building up his 
theory, the investigator has generally to carry out a series of 
prelimmary measurements, in order to obtain a guiding 
hypothesis. 

From what we Imve said, the extremely high value of 
theories will be clear. But theories should always be regarded 
only as a help, as an instrument or tool. Many, who are not 
acquainted witli theoretical work, express the opinion that a 
theory should have the character of absolute truth and cer- 
tainty. They say, for instance, that the emission theory of 
light has no value, because it has been replaced by the vibration 
.theory of light ; and when they hear that this theory also has 
it its supremacy, being replaced by the electi'omagnetic theory 
light, they shake their heads, and intimate that it would 



6 THEORIES OF CHEMISTRY 

have been better to have saved the time taken up in working 
out theories, and to have employed it in making experiments. 
Such persons fail to appreciate the fruitful use that Newton 
made of the emission theory, and the wonderful development of 
optics by means of the undulation theory. The opinion of 
these men is as well founded as that of a workman who rejects 
the use of tools because these will be replaced sooner or later 
by more refined machines. 

Very often we hear the opinion expressed that a theory has 
little or no value, because it may be possible to build up another 
theory on other foundations. This is just as prudent as to 
recommend the giving up of an instrument in our possession 
because it perhaps might be possible to construct a better 
instrument out of another material, before the latter has been 
made and shown to do more or better work than the old one. 

We have used the old method of comparing a theory with 
a tool or an instrument. One may then ask, " How should an 
hypothesis be represented according to this analogy ? " An hypo- 
thesis may be compared with an instrument the name of which 
is characterized by the sufl&x " scope," e.g, electroscope, a theory 
being then compared with an instrument the name of which has 
the suffix " meter," e.^. electrometer. An electroscope enables 
us to decide if a body is charged with free electricity, and 
nothing more. The hypothesis has only a qualitative meaniDg, 
and tells us nothing about the quantity. Now, one may so 
elaborate an electroscope that an electrometer is obtained, tjj. 
by fixing a scale behind the gold leaves of the electroscope. 
We have then the electrometer of Hankel or of Exnen These 
are from an absolute standpoint somewhat imperfect electro* 
meters, but they serve excellently for many purposes. The 
absolute electrometer and the quadrant-electrometer of Lord 
Kelvin may also be regarded as highly perfected elaborations 
of the gold-leaf electroscope. 

In the same manner it is generally possible to work up 
an hypothesis into a theory by the help of quantitative measure- 
ment. Using the new theory, we make a large number of 
measurements in the new field and discover new connections 
between the various factors, or new rules that lead to new con- 
ceptions, i.e. to new hypotheses. These, on the other hand, 



(may thereafter be developed into new tiieories, which are con- 
nected with the old theory out of which they have arisen. 
These new theories may then be regarded as branches of the 
g old one, and by working further in the same direction we 
g elaborate a system of minor theories, which are all connected 
with the dominant theory. It is this development of theo- 
retical work that characterizes modern exact science. As an 
example of such a theory which ha-^ developed an almost 
unlimited number of branches in different parts of physical 
and chemical science, we might cite the theory of the equiva- 
lence of different kinds of enei^y, or, as it is commonly called, 
the mechanical theory of heat. 

The original hypothesis was in this case extremely simple, 
and may be stated as follows : " it is impossible to obtain 
perpetual motion, i.e, to construct a machine which performs 
■work without consuming energy of any kind." 

In Carnot's hands we see the first wonderful development of 
this hypothesis into a grand theory. This engineer officer liad 
a practical end in view in his researches — he wished to develop 
a theoiy of the engines which transform heat into work, and 
J which at that time had an ever-increasing importance. This work 
was forgotten, however, and we see how Mayer used the same 
hypothesis as Carnot, and worked out a theory of equivalence 
of heat and mechanical work. The work of Mayer was despised, 
and only a few scientists took notice of it. The same was the case 
with the simultaneous work of a Danish engineer Colding. But 
after these pioneers came a procession of theoretical philosophers, 
before all Joule, Helmboltz, Kelvin, Maxwell, and Clausius, 
■who developed the theories of Carnot and Mayer, so that a 
theoretical system was built up whicli now dominates tlie whole 
of physical and a great part of chemical science. The greatest 
modem developments in this system are due to van't HoEf and 
Gibbs as far as chemical phenomena are concerned, and to 
Bartoli, Boltzmann, Wien, and Planck in the case of optical 
phenomena. 

No other work has so strongly impressed its character upon 
modern science as this theoretical development. It is therefore 
wholly incomprehensible how the opinion can be expressed and 
find admiring auditors, that it would be better not to work 
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theoretically, but only to collect and register experiments. Thisj 
opinion may be regarded as a repetition of Bousseau's maxim,] 
that the uncivilized condition is the best for humanity. 

In ordinary research work the role played by fancy is oftei 
very limited. Nearly all the attention is at first given to 
exact determination of the experimental groundwork. Whe 
a sufficient number of data has been collected the theoretic 
development begins. Then the main point is to combine thel 
results of the different experiments, finding out the commoB| 
and general features, but leaving out those occasional pecu- 
liarities occurring in every experiment owing to unavoidaUel 
errors. In this work fancy plays the most important r4fe, in 
that from an infinite number of possible combinations it must 
choose the most simple and most probable. Often the exp«i 
ments are not exact enough, so that the occasional deviatioDS 
wholly conceal the law that we seek. We may then use two 
different methods of procedure. The more rational one is to 
improve the methods of working, and especially to constradj 
very accurate instruments, so that the experimental errors an 
reduced to a low value. But sometimes we cannot do this,! 
especially in statistical work. We must then increase 
number of observations. If we record forty observations, tibel 
experimental error of the mean is only half as great as that rf 
the mean of ten observations, and that of a thousand observa- 
tions is only the tenth part of that of ten. The experimental 
error of the mean is in general inversely proportional to the 
square root of the number of observations. As is evident, it is 
very laborious to reduce the experimental errors in this way, 
but sometimes it is the only practical method. If by these 
means we have found a real law, there will be a regularity in the 
deviations of the observed mean values from those calculated 
by its help, so that these differences decrease proportionally to 
the square root of the number of observations. 

Some laws of Nature seem to be exactly true. Thus, for 
instance, experiments have been made to test the validity of 
Ohm's law within the widest possible limits, by changing the 
intensity of the current from the lowest value that we are able 
to measure exactly with the help of galvanometers, to the 
highest that we can obtain with the help of modern electrical 
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jmaeliineB. The result haa been that no deviation, greater than 
Hhe experimental errors, could be detected. Other aiich laws 
are, for instance ; the law of Newton for the attraction between 
material bodies ; the corresponding law of Coulomb for electrical 
■quantities ; SnelVs law of the refraction of light ; and the two 
laws of thermodynamics, 

But there is another class of laws, and these seem to be the 
inore common ; they are only valid within certain limits, As 
an example of such a law, that of Boyle or Mariotte may be 
considered. This law asserts that, if we enclose a given quantity 
of gaseous matter, for instance oxygen, in a vessel of variable 
■volume (such as a cylinder in which works a piston), then the 
pressure of the gas is inversely proportional to the volume 
«f the vessel. This is true for very low pressures, as Eayleigh* 
las demonstrated recently, but at higher pressures noticeable 
deviations occur. The first researches on Boyle's law did not 
lead to the observation of these deviations ; hence it was thought 
that the law was exact. Turther researches, carried out in the 
beginning of the nineteenth century by French savants, showed 
deviations, but these investigators were so convinced of the 
exactness of Boyle's law, that they overlooked the rather in- 
significant deviations which they liad observed. As we now 
examine their experimental results, we find that nearly all the 
observ'ed deviations were in the same direction, namely, that 
tlie observed pressure at small volumes was lower than that 
calculated. The nature of experimental errors is, however, that 
they fall as much in the one direction as ui the other. Errors 
that fall in one direction only, are called systematic en'ors, and 
they are due to a definite cause, working always in the same 
direction. As now no reason for the occurrence of systematic 
errors can be detected in the present case, the investigators 
of the law of Eoyle might have drawn the conclusion that it 
ceases to be exact at liigher pressures. More accurate and 
wide-reaching work, especially that of Eegnault, Natterer, and 
Am^at, showed well-marked regularities for these deviations. 
In this way scientists were led to seek for a now law, which 
agreed with Boyle's law at extremely low pressures and on the 

' Rayleigli, Trans. Hoy. Soc., 1901, 198, 20fl ; Proc. Iluy. Hue, lOOb, 74, 
446; Phil. Trans, A., 1905, 304, 361. 
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other hand showed no deviations from the experimental result 
at high pressures. Such a law was discovered by van d( 
Waals, and it gave a startling insight into the physical natui 
of the gases. 

But still further research made evident that the law of vj 
der Waals does not cover all cases. With increasing expei 
mental work, the general features of the deviations from va 
der Waals' law will probably soon be understood sufficiently f( 
the formulation of a new law, by means of which we shall gai 
still more mastery over Nature than we now possess. 

In this way theoretical work proceeds step by step, increas 
ing our knowledge of Nature. If we have found a law whid 
like that of Boyle, is only valid within certain limits, it wouli 
be very unreasonable to say that it had no merit at all. Man; 
of the wonderful Applications of thermodynamics are basei 
upon the assumption of the validity of Boyle's law. We hav 
to seek the probable causes of the insufficiency of the law ii 
question where the deviations are found, and to apply th< 
necessary corrections, which will with time show themselves fe 
be subject to another law, which completes the original \x^ 
In this manner scientific progress is made. The theoretics 
considerations indicate in which direction further work may \ 
done with the greatest effect. Without them the advance won] 
be very slow, or even impossible. 

But the value of theoretical work is generally not limited 1 
that particular part of science which is the direct object of tl 
work in question. The example of Ohm's law shows us tb 
the work of Fourier on the conduction of heat could, with litt 
variation, be adapted to the explanation of the conduction 
electricity. But the same law is, with suitable adaptation 
also valid for the diffusion of dissolved matter, e,g, salts in 
solvent, water. Here the dissolved substance flows froi 
places of higher to those of lower concentration, just as hei 
flows from places of higher to those of lower temperature, or a 
electricity flows from places of higher to those of lowe 
potential. The corresponding law of diffusion is called Fick' 
law, after its discoverer, and it has precisely the same form a 
that of Fourier or of Ohm. .....^ 

Further, the benefit of theoretical researches is not con^n? 
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) the science in which they are carried out. Mathematics was 
Lready developed to a high degree in the early ages, and 
stronomy could use the results of that science, and in this way 
evelop very early. The mathematical and astronomical know- 
jdge of Galileo fitted him to lay the foundations of rational 
lechanics. Physics is a much more wide-reaching science than 
lechanics ; in its own domain it utilizes the results of the work 
one in the latter science {e.g. the theory of potential), and has 
lus developed after the same plan. Chemistry is a still more 
xtensive science than physics; it has adapted the laws of 
lermodynamics to explain phenomena in chemistry, and in the 
ist quarter of a century has thereby won for itself a theoretical 
asis of the most wide-reaching character. In the same way 
le biological sciences, which have to do with much more com- 
lex phenomena than chemistry, have taken over modem 
leoretical methods from chemistry, and have in recent times 
lade progress of the most promising character. 

The solidity of the different branches of natural science is 
owhere so evident as in the domain of theoretical research. 
lU these sciences are highly interested in the theoretical work 
ow going on in chemistry, which is not only raising this 
3ience to a higher scientific level, but also giving us a well- 
)unded hope of increasing progress in neighbouring sciences, 
nd especially in biology, which has the greatest importance for 
he development of humanity. 



CHAPTER II 

OLD HYPOTHESES IN CHEMISTRY 

Antiquity had a great antipathy to carrying out experimental 
work. It was not thought worthy of free men, but was 
an occupation for slaves. Philosophical contemplation, on the 
other hand, was held in high respect. Hence theories had very 
little chance of being elaborated, while hypotheses flourished. 
This feature is very clearly conspicuous in the work of 
Archimedes, who conceived the principle which bears his name, 
viz. that a body immersed in a liquid seems to lose just so much 
of its weight as the weight of the quantity of liquid displaced 
by it. He used this principle to determine what we should call 
the specific gravity of a crown, which he thus showed was not 
made of pure gold. He, however, apologizes for having carried 
out a piece of experimental research, which was work of veiy^ 
inferior value. 

As far back as about 500 B.C., Empedocles had already infae^ 
duced the notion that everything consists of four elements: 
earth, water, air, and fire. These elements of antiquity corre- 
spond more nearly to what we now call states of aggregation, if 
we except fire (which is equivalent to hot gases). Consequently 
Plato and Aristotle asserted that the elements might be con- 
verted one into the other. For instance, we read the following 
passage in Timaios : " We believe from observation that water 
becomes stone and earth by condensation, and wind and air by 
subdivision ; ignited air becomes fire, but this, when condensed 
and extinguished, again takes the form of air, and the latter is 
then transformed to mist, which resolves into water. Lastly, 
rocks and earth are produced from water." To put it. more 
simply, it had been observed that by cooling hot gases (" fire ") 
cool gases (" air ") were obtained, and that by condensation^ 

I 
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►jmoisfc air one got water-drops, which might be united to give 
ordinary water. On tlie other hand, out of water were deposited 
Bolid suhstances, which had formerly been suspended or dissolved 
in the water. The ancient philosophers evidently only con- 
sidered the qualities of the bodies, and therefore the hypothesis 
of the transformation of one element into another was a natural 
consequence. This hypothesis dominated the alchemiatic view 
of the nature of substances. Again, the phlogiston hypothesis 
is only a variety of the transformation hypothesis. By adding 
something, that was called phlogiston, to the " calces " (oxides) 
of metals one obtained the metals themselves. Coal contained 
a large amount of phlogiston. Therefore, if one heated a 
metallic calx with coal, it combined with the phlogiston of the 
coal, and metal was the product. No attention was paid to the 
observation often made, that calcination, i.e. the driving out of 
phlogiston, was accompanied by an increase in weight. 

Nevertheless, the old philosopher Empedocles had, on purely 
philosophical grounds, attained a standpoint which holds good 
even under modern criticism. Instead of the common doctrine, 
based upon observations of everyday life, that everything may 
be annihilated, and has a beginning and an eud, he asserted that 
" nothing can be made out of nothing, and it is impossible to 
anruliilate anything. All that happens in the world depends 
on a change of form and upon the mixture or the separation 
of bodies. An everlasting circulation is characteristic of 
Nature," 

We find, also, that in the middle of the seventeenth century- 
John Mayow expressed the idea that atmospheric air contains a 
substance which is also present in saltpetre, and which com- 
bines with metals to form their calces. The same substance is 
necessary for respiration, and converts venous into arterial blood.' 
Indeed, we find that Lavoisier used the balance * for making 
quantitative experiments, and he found that during the oxidation 

1 Mayow died in 1679, at the early age of tliirty-fotir years. Probably 
tbis was the reaBon he did not obtain wider recognition for liis ideas, which 
were soon forgotleii. A centnry later, however, Lavoisier rediscovered and 
eatabliahed the same principlea, and caused the abandonment of the phlogiBtic 
bypotbesiB. 

' Aa we have seen already, Archimedea liad occasionally iwed the balance 
' quantitative research. 
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of a metal by air in a closed vessel the weight remained con^ 
stant, i.e. " nothing can be created, and in every process thei 
is just as much substance (quantity of matter) present befoi 
and after the process has taken place. There is only a chf 
or modification of the matter."^ The words are remarkabi] 
similar to those used by Empedocles, and they contain the la? I 
of the "conservation of matter" which has since been found 
to regulate all natural phenomena. But there is a great 
difference between Empedocles and Lavoisier. Empedocles did 
not indicate how the quantity of matter should be measured— 
his idea was only a diffuse philosophical one ; whereas Lavoisier 
introduced the balance for measuring the quantity of matter^ and 
by experiments upon different bodies, such as sulphur, phosphonM^ 
mercury, lead, and tin, showed that his law was exact witliii 
the errors of experiment. We may therefore say that Lavoisier 
transformed the wonderful hypothesis of Empedocles into aj 
scientific theory, which has since dominated physiciJ and I 
chemical science. Every analysis gives a new demonstration 
of the truth of Lavoisier's deductions. In recent times some 
researches have been carried out, especially by Landolt* and' 
Heydweiller,^ which seem to show that, in certain chemical pro- 
cesses, very slight deviations from the law of Lavoisier may be 
observed. These researches are not yet complete, and it has 
not yet been settled what may be the cause of these small 
deviations. It is possible that the vessels used, and which weie 
made of glass or quartz, were not absolutely impervious to the 
substances formed during the chemical reactions. But there ifl 
still no sufficient ground to suppose that after a thorough and 
critical discussion of the results of Jjhese interesting resefiot^ea 
the theory of Lavoisier will be overthrown. 

Just as Empedocles had enunciated the hypothesis which 
was afterwards developed into a theory by means of Lavoisier^fl 
quantitative researches, so the so-called Dalton's theory of 
multiple proportions was preceded by an hypothesis of the 
philosopher Democritus. This remarkable man propounded thd 

1 Lavoisier, "Traits de Chimie," (Euvxes, vol. i. p. 101. 

2 Landolt, Zeit, physikal. Chem,, 1893, 12, 1 ; 1906, 55, 689. 

3 Heydweiller, Physikal Zeit, 1900, 1, 527 ; 1902, 3, 425 ; Ann. Phytik, 
1901, 5, 394. 






■idea that bodiea are biiilt ap of indefioitely small indivisible 
particles, which he called atoms. These are distinguished trom 
each other by their form and size, and also by giving different 
products when differently aggregated. This bold conception 
remained in the hypothetical stage for about 2300 years, as 
no cLiiantitative concliisions were drawn from it till the time 
of Dalton. It seems as if the idea of Democritus prevailed 
over the seemingly more simple idea that everything may be 
divided indefinitely, and which was preferred by most of the 
purely philosophical investigators. 

The atomic hypothesis of Democritus was revived by the 
physicist Gasaendi about the year 1650, It was then also 
accepted by such eminent authorities in physics and chemistry 
as Newton and Boyle. Eoyle had the great merit of giving to 
the notion "element" a more exact meaning, which nearly 
corresponds with the modern one, and has a great advantage 
over the fluctuating one of antiquity as given in Aristotle's 
woi'ks. Boyle criticized the opinions of Aristotle and of the 
alchemists, and showed that only the undecomposable consti- 
tuents of matter (and not, for instance, the changeable qualities 
of matter) should lie calletl elements. According to Boyle's 
opinion, these elements consist of minute particles, which 
attract one another, and, after combination, foi-m the different 
chemical compounds. 

In the history of chemistry the substances which we call 
acids, bases, and salts always played a most important role. 
These substances react more regularly than other bodies, and 
in their reactions usually new substances of the same class are 
formed. Therefore these substances, which commonly occur in 
inorganic nature or may easily be formed from natural products, 
were among the first to he chemically investigated, Wenzel 
and Richter studied the laws according to which acids and 
bases neutralize one another in forming salts. They found that 
the acids and the bases always combine in constant so-called 
" stoichiometric " proportions. Richter also asserted that " when 
equal amounts of the same acid are rendered neutral by different 
amounts of two or more bases respectively, the latter are 
equivalent to one another, and rice versa." We find, ac- 
cording to Richter, the same equivalent numbers for different 
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bases, whether we use nitric, hydrochloric, sulphuric, or ; 
other acid 

The eminent Swedish chemist Scheele had discovered t 
many metals (iron, copper, and mercury) are subject to diflfei 
stages of oxidation. Eichter now drew the conclusion that 
quantities of an acid which are bound by different oxides 
their salts) are proportional to the quantities of oxygen ( 
tained in them. Then he came naturally to the conclusion 1 
the two oxides of iron or of mercury respectively contain oxy 
in two constant proportions. 

This peculiarity of constant proportions is characteristi 
chemistry in contradistinction to physics, where the more sin 
continuous and gradual transition prevails, e.g. for mixture 
alcohol and water. Therefore it will not seem astonishiDg 
us that a chemist like BerthoUet, who was very well acquain 
with the more highly developed physical science, adhered to 
opinion that chemical compounds {e.g, the nitrates of mercu 
behave just as mixtures, so that the ingredient elements in th 
may be varied continuously. (The work of Eichter was v 
little known at that time.) A fellow-countryman of Berthol 
Proust, at the end of the eighteenth century, carried out w< 
of remarkable exactitude, by which he proved that in the cc 
pounds which tin forms with oxygen, or in the compounds 
iron with sulphur, the quantity of oxygen or sulphur does i 
vary gradually, but by leaps, so that there exist (according 
him) only two definite compounds of tin with oxygen, and t 
of iron with sulphur. He also revised the work of Bertholl 
and showed that his compatriot had dealt with mixtures, a 
not with definite chemical compounds. The brilliant ideas 
BerthoUet were afterwards revived by the researches of t 
Norwegian chemists, Guldberg and Waage, on the law 
chemical mass-action. 

Proust came very near to the discovery of the law 
multiple proportions. If he, for instance, had calculated i. 
quantities of oxygen which are combined with a unit- weight 
tin in both its oxides, or of sulphur combined with one ui 
weight of iron in both its sulphides, he would probably ha^ 
been led to the discovery of the law which now bears tl 
name of Dalton. This English physicist and chemist was le( 
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(y consideration of the behaviour of the gases of tlie atmoapheit',' 
b investigate the relative weights in which 'these gases and 
^er elements coinbiae witli eaclt other in their compounds, 
(is experimental work was not very accurate, as we may sue 
kom his figm'es, but his talent for abstraction led him in the 
j^ht direction. If we use the modem symbols introduced into 
fiemistry by Berzelius, to wliich Daltou, curiously enough, was 
trongly opposed, favouring his own much more inconvenient 
^mbols, and if we let N represent 4 unit-weigbta of nitrogen, 
j 5'66 of oxygen, H 1 of hydrogen, C 4'5 of carbon, and S 17 
tnit-weights of sulphur, Dalton showed, as a result of his 
ttperimental work (1803), that the following compounds hail 
he composition given : — 



itrous oxide, NjO 


Ammonia, NH 


itrous gas, NO 


Oxide of carbon, CO 


itrous acid, NaOg 


Carbonic acid, CO2 


itric acid, NOa 


Sulphurous acid, SO 


fater, HO 


Sulphuric acid, SOa 


larsh gas, CHa 


defiant gas, CH 



It is easy to see that there ai^e rather large experimental 
trors in these data, if we compare them ^vtth what we know 
iow to be the I'eal compositions of these substances. Later on 
[}alton improved his figures (1808), and put the combining 
treight of oxygen as 7 instead of 5'66, and tluit of carbon aa 
[ instead of 4'5, but they still were far from exact, " Never- 
heless," as Eoscoo rightly observes in his work on Dalton, " in 
pite of his rough methods of experimentation, Dalton's results 
tand out the greatest landmarks in our science." The general 
(nd diffuse hypothesis of Democritus liad here taken a concretu 
brm, and was converted into a theory, accorJiug to which we 
pay calculate the relative quantities of chemical elements which 
mter into combination with each other. The atoms of chemical 
Aements possess weights which are proportional to numbers 
Contained in tables of atomic weights, and chemical compounds 
insist of groupings of a certain whole number (in inorganic 
iihemistry a low number) of one kind of atom with a certain 

; "New View of Daltoii'a Atomic TLeory," by RoBCoe and Harden, 
iQinan: 1896. 
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whole number of another kind^ and of a third kind, and so forti 
Since the number of the atoms in chemical compounds onlj 
varies as simple whole numbers, there cannot be a continuoi 
change from one compound to another made up of the 
elements. The quantities of one element which are combii 
with the unit- weight of another element are, therefore, in 
ratio of simple whole numbers. 

The theory of Dalton was soon found to be of the great 
value to chemical science, and it was confirmed by the rapM 
increasing experimental results in this science, especially 
obtained by the great leader of chemistry at that time, BenB'! 
lius. He determined the atomic weights with such exactitud(^| 
that they have remained almost unchanged from his 
till now. 

It follows, from the theory of Dalton, that the atomic weightol 
of the elements are discrete numbers, between which no cgb-I 
tinuous transition exists. Prout put forward the idea, that 
we put the atomic weight of hydrogen as unity the other atoimi| 
weights are whole numbers, so that the atoms might possil 
all be regarded as built up of hydrogen atoms. Already 
work of Berzelius showed the hypothesis of Prout tO' 
untenable, but nevertheless this hypothesis seemed so pi 
from a philosophical standpoint, that many scientists hAftl 
attempted to verify it. Indeed, many atomic weights do not 
differ much from whole numbers, if we take that of hydrogen a» 
unity. But the very accurate work of Stas, and in later tinwB 
of Lord Rayleigh ^ and others, proves with certainty that tb 
atomic weights of chlorine and oxygen cannot be made to agWB 
with Prout's hypothesis. 

A very original foundation of a similar hypothesis wisJ 
given some thirty years ago by Lockyer, on astronomical grounds 
The spectra of the hottest stars seem to indicate that thfljf 
consist chiefly of hydrogen. On the other hand, the spectra rfj 
the sun and other celestial bodies which do not belonsr to 
hottest kind of stars, show the hydrogen lines much w( 
and accompanied by the lines of many other elements. N* 
it is natural to suppose, and this view is confirmed by stei 
spectrum analysis, that matter is fairly imiformly distributed i 

1 Rayleigh, TM, Tram., A, 1905,204, 351. 
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the universe. Hence Sir Norman Lockyer ' was led to eaunctate 
the idea that at very high temperatures all elements are decom- 
posed into hydrogen atoms. But the most recent researches seem 
to indicate that stars which are still hotter than the hydrogen 
stars chiefly contain the newly discovered element helium (and 
also oxygen). It seems, therefore, impossible to carry through 
the bold idea of Lockyer, There seem to be some indications — 
according to the brilliant discoveries of Sir William Ramsay' — 
that the new element radium decomposes spontaneously into 
helium and perhaps other elements. The quantities of helium 
sbtained in this manner are, however, so exceedingly small that 
it seems prudent to awaic the results of further researches on 
this very interesting point before we abandon the idea, con- 
firmed by all other experimental work in chemistry up to the 
present day, that the substances which are showu to be simple 
elements by spectrum analysis are indestructible. 

As Rutherford remarks in his Bakerian lecture (1904), if 
we assume that radium is converted into helium with such a 
speed that the half of it remains after 800 years, as the measure- 
ments of the helium quantity evolved indicate, then, if the 
earth had originally consisted of pure radium, after 16,000 years 
only the millionth part of it would be so constituted, and it would 
.ot be richer in radium than a good specimen of pitch-blende. 
After a further 16,000 years its radio-activity would scarcely be 
perceptible. 

Now, geologists agree in the opinion that the earth has 
existed under conditions fairly similar to the present during 
many millions of years. It must, therefore, seem very strange 
that any radium exists at the present time, if we do not suppose 
that there is some source from which new quantities are pro- 
duced. It is now believed that this source might probably 
be foimd in the minerals containing uranium, which also 
contain helium and radium. It may here be remarked that 
different uranium minerals contain radium in very different 
quantities — as the investigations of Mme. Curie indicate — and 
this was just the i-easou for searching for a new element (later 
called radium) in the most radio-active oue of them, namely, 
■ Lockyer, Seibliilter, 1879, 8, 88. 
' Ramsay nad Soddy, Ptoc. Boy. Soc, 19U3, 73, 20-i. 
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pitch-blende. If all minerals containing uranium were decc 
l)osed into radium at the same rate (and all specimens 
radium disintegrated with the same velocity of reaction), tl 
we might exjiect that all minerals containing uranium wo 
contain the same relative content of radium. 

Tlie recent investigations of Strutt/ Boltwood,^ and Sodc 
seem, indeed, to indicate, that the quantities of uranium a 
radium present in the most different minerals bear a const*' 
ratio to each other. (Some deviations which exist can 
explained by the partial extraction or deposition of the radii 
salt.) Boltwood and Kutherford* have determined the eq 
librium to l>e 1*35 X 10* molecules of uranium to eve 
molecule of radium. Experiments of Rutherford to obtj 
radium from thorium or actinium were not successful. 

After a number of unsuccessful endeavours, Soddy ^ sa 
that he has been able to prove the presence, after 567 days, 
1*6 X 10"^ grm. radium, as measured by the strength of 1 
emanation, in 1 kilogram of dissolved uranium nitrate, wk 
had been previously freed from radium by precipitation 
barium sulphate. This quantity is a thousandth part of i 
quantity calculated from the known velocity of change 
uranium. Judging from his own experience, Boltwood® o 
siders the result of Soddy to be " doubtful." Using a met! 
similar to Soddy* s, he was not able to detect any radium in \ 
grams uranium nitrate after 390 days, although he wo 
liave been able to detect one-tenth of the quantity which she 
have resulted according to Soddy. There is no doubt tha 
decision will soon be arrived at in the matter. 

1 Strutt, Froc. Roy, Soc, 1904, 76, 88. 

2 Boltwood, Sill, Journ, (4), 1904, 18, 97; Phil. Mag. (6), 1905, 8 , 

3 Soddy, Phil, Mag, (6), 1905, 9, 768. * ' 
* Rutherford and Boltwood, Sill, Journ, (4), 1905, 20, 55. G. von i 

Borne (1906) comes to the conclusion that in the rocks investigated by 1 
"there is no sign of proportionality between uranium conteirt and ra 
activity.'' 

^ Soddy, loc, dt, 

« Boltwood, Sill. Journ, (4), 1905, 20, 239. 



CHAPTER III 

EXISTENCE OF HYDRATES IN SOLUTION 

lExPERiENCE has shown the working chemist that between the 
cliflferent chemical elements (and the same may be said also of 
compounds) no continuous and gradual transitions are possible. 
This idea has grown so familiar to chemists that they have 
often looked for discontinuities in the domain of physical 
chemistry, only to find, on closer investigation, that nothing of 
the kind exists. 

The most extensive researches of this kind were made on 
aqueous solutions, and their tendency was to show that some 
properties of a solution change discontinuously at certain points, 
corresponding to mixtures of definite quantities of water with 
a given quantity of the dissolved substance. These mixtures 
correspond to a definite molecular formula for a hydrate (1 
subst. + TiHaO), and the investigators made the supposition 
that these hydrates exist in solution. 

This view has received the name hydrate theory of solutions, 
and as it has been supported by very eminent chemists, among 
others very strongly by Mendeleeff, it seems well worth while to 
examine it a little more in detail. Mendeleeff ^ determined the 
specific gravity of solutions of sulphuric acid. As is well known, 
this property (s) increases with the concentration (p). This per- 
centage rate of increase \j-) Mendeleeff calculated from his 

determinations, and deduced the following equations, which are 
geometrically represented in the diagram. As we see from 
these equations, and still better from the diagram, Mendeleefif 
represented this increase by six different straight lines, showing 

1 Mendel^flF, Zeit. physikal. Chem., 1887, 1, 275. 
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no continuity where they meet.^ From this he concluded that 
the solutions in which these discontinuities occurred repre- 
sented chemical compounds of sulphuric acid with water, 
the composition being H2SO4, HaS04 + HgO, H2SO4 + 2HjO, 
HaS04 + 6HaO, and H2SO4 + ISOHaO. If p, i.e. the con. 
centration of the sulphuric acid, is greater than one himdred, 
this represents a solution of SOa in HaS04. A closer inspec- 
tion of the curve shows that the discontinuity at j? = 475 
(corresponding to H2SO4 + 6HaO) is very insignificant, so that 




100^^ = -C51 + 7'Sp (p = 100 - 110%) 

= 728-76 - 7-49/3 (p = 84 - 100 ; n = - 1) 
= 326-7 - 2-71p (p = 73 - 84; n = 1 - 2) 
= 61-9 + 0-8p (p = 47-5 - 73; n = 2 - 6) 
= 71-2 + 0-41p (p = 3 5 - 47-5; n = 6 - 150) 
= 76-5 - 2-65p (p = - 3-5; n = 150 - oo) 

Fig. 1. — Density of solutions of sulphuric acid (Mendel^ff). 

it would be wholly incorrect to draw any conclusions from 
its existence. The same may be said of the discontinuity at 
p = 3-5(H2S04 + I5OH2O). There remain only the hydrates 
H2SO4, H2SO4 + H2O, and H2SO4 + 2H2O. These compouiids 
we are able to produce in solid form, and it is therefoie y&J 
probable that they exist also in solution, it may be in a. 
partially dissociated state. Therefore the laborious analysis 
of Mendeleeff only indicates the probability that both these 

1 The original curve of Mendeleeff in Zeit, physikal. Chem,, vol. i. p. 27^ 
does not give a very accurate representation of his numerical data, tberefon 
I have reconstructed the curve from his equations and given it above. 
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hydrates and HaS04 exist to some extent in solution. For 
obtaining definite results we must examine other properties of 
solutions of sulphuric acid, as, for instance, their conductivities 
for electricity and their freezing-points. 

Of the first property F. Kohlrausch ^ has made very accurate 
determinations at 18° 0., the results of which are given below : — 



% H,80,. 


Gondaotivity. 


% H,80,. 


CSondaotivity. 


1 


0-0429 


75-0 


0-1421 


5 • 


0-1952 


80-0 


0-1032 


10 


0-3662 


84-0 


0-0915 


20 


0-6108 


86-0 


0-0926 


30 


0-6912 


90-0 


0-1005 


40 


0-6361 


920 


0-1030 


50 


0-5055 ' 


94-0 


0-1001 


60 


0-3487 


960 


0-0885 


70 


0-2016 


99-4 


00080 



We see here four different solutions with characteristic features, 
namely, two maxima at 30 and 92 %, and two minima at 
84 and nearly 100 %. (W. Kohlrausch 2 found that the 
last minimum is at 99*75 %.) The two minima mark the 
hydrates H2SO4 + HaO and H2SO4, of which the existence 
is therefore very probable. The two maxima coincide approxi- 
mately with the hydrates 2H2SO4 + 25H2O (30-4%) and 
2H2SO 4- H2O (91-6 %). Now, Kohlrausch has given the rule 
that pure chemical compounds have a lower conductivity than 
solutions. Therefore it seems very probable that both minima 
of electrical conductivity correspond to simple chemical com- 
pounds. But there is no such rule valid for maxima of con- 
ductivity, and hence we have no ground for concluding from 
the conductivity that such compounds as 2H2SO4 + 25H2O and 
2H2SO4 + H2O exist (in liquid form). For H2SO4 + 2H2O and 
H2SO4 + I5OH2O (at 73 % and 3*5 %), the conductivity indicates 
no singularity. We may, therefore, say that a comparison of 
Mendeleeff's and Kohlrausch's experimental researches leads 



1 F. Kohlrausch, Ann, Physik, u. Ghem. (3), 1885, 26, 161. 

2 W. Kdhlrausch, Ann. Fhysik. u. Cfhem. (3), 1882, 17, 69. 
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to the conclusion that only the two hydrates HaSOi andj 
H28O4 + H2O exist imdissociated in liquid form. 

Pickering ^ revised MendelfefTs data for the specific gravitr, 

and found that in the -^- curve there are no discontinuities, 

but only abrupt changes of direction. 

Tlie least ambiguous evidence on this question was given bj 
Jones ^ in his research on the freezing-points of mixtures of 
sulphuric acid and water in acetic acid as solvent. From the 
researches of Baoult and others, we know, that if we dissolTe 
one gram-molecule of any substance in a given quantity of 
acetic acid, it lowers the freezing-point just as much in all cases, 
independently of the nature of the added body. Two gram- 
molecules give double the lowering, and so on. We mij^t, 
according to Eaoult's law, expect that, if we add A parts of 
water to one litre of acetic acid, and the lowering of the freezing- 
point is a° C, and if we dissolve B parts of sulphuric add in 
another litre of acetic acid, and this gives the lowering V C, the 
solution of A parts water and B parts of sulphuric acid would 
give a freezing-point {a + i)° C. lower than that of acetic add 

The following table gives some of Jones' observations on 
mixing the quantities B grams of sulphuric acid with 26*33S 
grams of acetic acid and 0*753 gram (A) of water. The water 
alone would give a depression (a) of 4*69° C.^ By special ex- 
periments the lowering (5) caused by the sulphuric add alone 
was found, and likewise the lowering (c) by A + B was 
experimentally determined. The difference (a + i) — c =s rf. 



B. 


h. 


0. 


a. 


a + ». 


rf. 


0109 


0-185 


4-474 


4-690 


4875 


0^1 


0-224 


0-330 


4-263 


4-670 


5-000 


0-737 


0-447 


0-585 


3-850 


4-645 


5-230 


1-380 


0-679 


0-795 


3-540 


4-615 


5-410 


1-870 


1-209 


1-215 


3-002 


4-565 


5-780 


2-778 



1-654 1-580 2-734 4-545 6-085 3-351 

1 Pickering, Ch&m. News, 1889, 59, 248 ; Zeit physikal. Ohem.^ 1891, 7, 
378. 

2 Jones, Zeit. physikal. Chem., 1894, 18, 419. 

3 At higher values of B, the lowering a was supposed to be inversely 
proportional to the total volume, in accordance with the gas laws. 
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2-349 2020 2-607 

3119 2-600 2-752 
3-829 3-185 3-037 



4-475 C-495 3-888 

4-410 7-010 4-258 

4-345 7-530 4493 



4-520 3-840 3-495 4-295 

5-218 4-510 4-032 4235 

6-927 5160 4-713 4190 

6-632 5-825 5383 4-130 



8135 4-640 

8-745 4-713 

9-350 4-637 

9-955 4-572 



0753 gram of water is equivalent to 422 grams of 
Bulphiiric acid as regards the lowering of the freezing-point. If 
we add more than 4-22 grams of sulphnric acid, and the com- 
hination HaSOi + HaO is formed, we should expect all the 
water to disappear from the solution, and since one molecule 
(HaSOj 4- HaO) is formed by every molecule HjSOi, the lower- 
ing should be exactly the same as if no water were added, t'.e, 
c would equal & if B is greater than 4-22. This is the case ; 
e is approximately equal to h, being just a little less (about 
10 %). This result indicates that about 90 "{, ^ of all the water 
molecules each bind one molecule of sulphuric acid, giving 
(HaSOj + HgO), and the remaining 10 % of the water-molecules 
each combine with two molecules HaSOj, in this manner forni- 

the more complex molecule (2H3SOi -f- HaO). 

We may now examine whether ttus is also the case wlien we 
have added half as many molecules of Riilphuric acid as the 
number of water- molecules present. Tliis occurs as soon as B 
is eqnal to 2-11 (we may use the figures for the neighbouring 
value B = 2-349). Here wo observe that e is greater tlian h — in 
other words, all the water-moleculea are not bound to sulphuric 
acid in the form HaS04 -I- 2HaO, but part of them are free (about 
30 %), and dissociated into (H3SO1 + H2O) and HaO. From these 
results we conclude that the hydrate HaSO^ -J- 2HjiO is less 
stable tlian HaS04 -f- HaO, but that it exists in great quantity 
(about 70 %) in solutions of the composition HaSOj + 2HaO 
(73 % HaSOi). Further, we may conclude that in mixtures 
which contain less than 2-H grams of HaS04, just double the 
number of molecules of water should disappear from the solution 

1 On account of the deviation of concentrated solutionB from van't nofTs 
law, tliia p«rcentnge ranst not be eonfiidered to be very accnrat*. 
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— to give molecules H2SO4 + 2H9O — as the number of the] 
n./S()| moloctiles a(l(Ie<I, supi)08ing that the hydrate HaSOi 
+ li]{2<) is formed. Therefore J, which is proportional to the 
numlx'r of water-molecules bound by the sulphuric acid, ought 
to bo twice as great as &, which itself is proportional to the 
uumlx^r of 112804 molecules present This is approximately 
the CJise ; d is not only twice as great as &, but a little greater— 
but always less than three times h (about 2*256). We lean 
fntm this that with excess of water there may probably exist 
(t<j the extent of about a third of the molecules HaS04 + 2HiO 
I)resent) a higher degree of hydration, such as H8SO4 + 3HjO. 
In these researches the presence of the acetic acid interfered 
somewhat, and we might therefore expect that in mixtures of 
water and sulphuric acid (without acetic acid) the hydrates 
would be more stable. Jones' further researches seem to show 
that this is the case. 

If wo summarize the results of Jones' experiments, ¥re find 
that the hydrate HaR04 + H2O is very stable, and is found in 
solutions which contain more molecules of H2SO4 than of H^. 
Together with this stable hydrate there are indications that a 
lower hydrate, pi-obably 2H2SO4 + H2O, also exists to a slij^t 
extent in the same solutions. If more water is added, molecules 
of a new hydrate, H2S()4 + 2H2O, are fonned, which is also very 
stable, but not so much so as the hydrate H2SO4 + HjO. In 
the solution H2SO4 + 2H2O (73 % H2SO4) about 70 % of the 
molecules have a composition agreeing with this formula. The 
remainder of the sulphuric acid may occur as molecules having 
the composition H2SO4 + H2O, and a correspondingly smaller 
proportion (15 %) of the water-molecides are free. At higher 
dilutions it seems as if nearly all the sulphuric acid were con- 
verted into the complex H2SO4 + 2H2O, and if there is enough 
water present, one-third into a higher hydrate, perhaps 
H2SO4 + 3H2O. 

The higher hydrates containing still more water, «.y. 
H2SO4 + 6H2O, H2SO4 + I5OH2O, the existence of which 
different workers had deduced from their researches, do not 
seem to exist. 

Mendeleeff ^ supposed hydrates to exist in mixtures of water 

1 i\Iendel(Sef, Journ. Chem. Soc, 1887, 26, 778. 
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and alcohol, using the same method for indicating them aa in 
the case of aqueous solutions of sulphuric acid. Tlieae hydrates 
were stated by MendelfSefTto have the composition SCaHeO + HgO, 
CaHfiO + 3HaO, and CjHaO + I2H2O. Jones ' has also investi- 
gated these hydrates in the same manner as for sulphuric 
acid, and he found no evidence of their existence. Con- 
clusions as to the existence of salt hydrates have also been 
dravrn from the freezing-point of solutions. In these cases 
also a closer examination shows the conclusions to lack trust- 
worthiness. These cases will be considereil later. 

From these examples we see how it is possible to deduce 
the existence of hydrates from the physical properties of 
flolutions. But we al-so see that many of the discontinuitieB 
which Mendeleeff thought he had found, and which he used 
for demonstrating the existence of hydrates in solution, 
cannot be said to have a real existence when subjected to a 
critical examination. The same is also true for most of the 
hydrates which have been thought to exist, because of the 
occurrence of maxima and minima in other physical pro- 
perties. For instance, it was found that at 0° C. the viscosity 
of solutions of ethyl alcohol in water has a maximum at a 
concentration of about 36 %, corresponding to a composition of 
2CaH60H + 9HaO. From this fact it was concluded that this 
hydrate of alcohol exists. But a closer investigation showed that 
the point at which the maximum of viscosity occurs changes 
very considerably with the temperature. At 17° it occurs at 
42 %, corresponding to 2C2H5OH -|- 7H3O, and at 55° at 50-5 %, 
corresponding to 2C2H11O -(- SHjO. It is therefore evident 
that it is impossible to maintain the idea that a hydrate 
2CaHB0H -I- 9HaO exists as a chemical compound at 0°, for 
at other temperatures we should then be compelled to assume 
hydrates such as 2C2H6OH + SHaO at 55°, and at intermediate 
temperatures we must then accept hydrates of any composi- 
tion between 2CaHB0H -f- 9HaO and 2CaHB0H -f- 5H2O. An 
analogous case occurs with acetic acid, but there the change 
is rather small ; from 79 % at 0" to about 77 % at 60°. The 
composition 77 % corresponds to the formula OH3COOH -f HaO. 

> Jones, Zeil. physikal. Ckem.. 1894, 13, 41D, 
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Now, it is a general rule^ as I ^ have found, that the addition 
of a non-electrolyte to water increases the viscosity of the 
latter. Therefore, if the non-electrolyte has a lower viscoBity 
than water, there must be some intermediate solution, the 
viscosity of which is a maximum. The same is also valid if the 
non-electrolyte has a viscosity which is not very much greats 
than that of water, for instance ethyl alcohol, of which the 
viscosity at 0° is greater than that of water by only 21 % 
There are some such non-electrolytes, for instance acetone and 
methyl alcohol, which are soluble in water in all proportions. If 
the maximum of viscosity indicated a hydrate, we could conclude 
that all these substances possess at least one definite hydrate, 
without knowing anything more of them than that they aie 
soluble in water. From this circumstance alone, it is evident 
that no such conclusion can be drawn. 

The same holds for the conductivities of electrolytes. 
According to a rule given by Kohlrausch, pure substances have a 
low conductivity, but their solutions in water conduct very well. 
Pure water and pure acetic acid, for example, are very bad 
conductors of electricity, but solutions of acetic acid in water 
conduct fairly well. Therefore some particular solution of 
acetic acid must possess a maximum conductivity ; this solution 
contains 16*6 % acetic acid at 18°C., corresponding to the 
formula CH3COOH 4- 16-7 H2O. From this fact it would not be 
connect to infer the existence of a hydrate, say of the composi- 
tion CHaCOOH + I7H2O. Very many electrolytes exhibit such 
a maximum conductivity, and it is no more correct to infer the 
existence of hydrates in these cases than in the case of acetic 
acid. 

In the study of vapour tensions real breaks or discontinuities 
are often found. Thus, for instance, the vapour tension of ice 
below, and that of water above zero are represented by two curves 
which at their common point (0° C.) meet with the formation of 
an obtuse angle, i.e. the curve shows a break. The reason of this 
is that the volatile body is different in the two cases, namely, 
ice and water. Water may be undercooled and its vapoor 
pressure measured below 0° C. The results of these measure- 
ments give a curve which is continuous (showing no break) 

^ Arrhenius, ZHt. physikcU. Chem., 1887, 1, 286. 
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with the curve above zero. The acute angle betweeu the curve 
of the vapour pressure of water below O'' C. and that of the 
vapour pressure of ice is proportional to the latent heat of 
fusion of ice (per gram-molecule). 

The modern theory of solutions asserts that the solubility 
of a substance is analogous to its vapour tension, and we might, 
therefore, expect breaks to occur in the solubility curves, similar 
to those found in the vapour-tension curves. This is indeed 
the case. A classical example is the solubility of sodium 
sulphate, the stable modification of which, below 32'5° C, 
crystallizes with ten molecules of water (Na2S04 + lOHaO), 
and above this temperature without water of crystallization. 
The following table gives the solubility (gy in grams of anhydrous 
Na2S04 dissolved in 100 grams water at the corresponding 
temperature (f C.) ; m is the solubility expressed in gram-mole- 
cules per litre : — 



t. 


9- 


m. 


t. 


!/• 


i». 





4-40 


0-31 


50 


46-2 


2-92 


10 


8-98 


0-63 


60 


45-3 


2-83 


20 


191 


1-32 


70 


441 


275 


30 


411 


2-63 


80 


43-3 


2-69 


32-5 


49-6 


311 


90 


42-6 


2-64 


40 


48-2 


301 


100 


42-2 


2-60 



At the " transition-point," 325° C, there evidently occurs a 
break in the curves representing g or m (see Fig. 2). These 
curves rise continuously till the 
temperature 32*5° is reached, and 
afterwards fall with increasing 
temperatura This break corre- 
sponds to the latent heat, which 
is used up when ten molecules 
of water are expelled from the 
crystals of NaaSOi 4- IOH2O 
into the saturated solution. 

It would be wholly incorrect to conclude, from the occur- 
rence of these breaks, that the solution consists of a definite 
hydrate, in this case composed of 49*6 grams NaaSOi and 100 
grams water, corresponding approximately to the formula 
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NsqSOi + lOHaO. On the contrary, the correct conclusion is, 
that the break in the solubility curve denotes that below the 
corresponding temperature the solubility of one particular solid 
substance (NaQSOi + lOHaO), and above it the solubility of 
another solid substance (NasSOi), has been measured. Of the 
hydrates which may possibly be contained in the solution, the 
break tells us nothing. 

A similar case occurs in the freezing-point of solutions. If 
any solution, on cooling, deposits a solid compound of exactly 
the same composition as the solution, the freezing-point for 
this particular solution is a maximum. Thus, for instance, if 
we freeze a solution of sodium chloride, the freezing-point is a 
maximum (0° C.) when the solid body separating out (pure ice) 
has the same composition as the solution. This is the case for 
pure water, which has a higher freezing-point than solutions of 
sodium chloride. The same is true for a solution of 47'06 
grams SOa in 100 grams water, corresponding to the composi- 
tion H2SO4 + 4H2O. This solution freezes at - 25° C. Solutions 
of higher or lower concentration (between 31 and 55 %) have 
all lower freezing-points, as is shown in Fig. 3, which is copied 
from Meyerhoflfer, Phydkalisch-chemische Tahdlen, p. 567. This 
has been supposed to indicate that the solution corresponding 
to the composition H2SO4 + 4H2O should be regarded as a 
homogeneous substance, from which the same substance cry- 
stallizes out in the solid form. But in reality it only proves 
that the hydrate H2SO4 + 4H2O freezes out from solutions of 
the said composition. The curve shows similar maxima for 
pure water, H2SO4 + 2H2O, H2SO4 + HgO, H2SO4, and 
H2SO4 + SOa in regions where these compounds separate out 
in the solid form. Doubtless there also exists another maxi- 
mum, viz. for SO3. 

The minima in the curve represent solutions from which 
so-called cryohydrates separate out, i.e. mixtures of the two 
solid bodies which separate out at higher and lower concentra- 
tions (vide below). Thus, for instance, the point B, correspond- 
ing to a solution of 31 grams SOa in 100 grams H2O and a 
temperature of — 75° C, is characterized by the freezing out of 
pure ice and H2SO4 + 4H2O in such proportions that the com- 
position of the liquid remains unchanged. There is evidently 



EXISTENCE OF HYDRATES IN SOLUTION 



31 



no ground to conclude that in this case the solution consists of 
one kind of molecule only — 3HaS04 + 40HaO. All these 
maxima and minima tell us nothing of the composition of the 
molecules in the liquid ; they only indicate the composition of 
the substances which freeze out. 

Special interest has been awakened by those mixtures 
which do not alter in composition, as they change from one 
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Fig. 3.— Freezing-points of sulphuric-aoid solutions (Meyerhoffer). 

state of aggregation to another. To this category belong the 
so-called cryohydrates, of which we have given some instances 
above. K we have a weak solution of sodium chloride in water 
and subject it to a low temperature, water freezes out in the 
form of ice from the solution. By this process the concentra- 
tion of the solution is increased, and therefore its freezing-point 
sinks. This goes on until the solution becomes saturated with 
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sodium chloride. If, theiij more ice freezes out from the soln-*^ 
tion, its saturation-point is exceeded, and therefore a com* 
sponding quantity of the salt must also separate, so that theft^^ 
solution remains saturated. In other words, the concentratiaD* 
of the solution remains unchanged (saturated solution), and 
therefore the mixture of salt and ice which separates firom it 
must also have the same composition, and the freezing-p(Hnt 
becomes constant. This occurs at — 21*3° Cl, at which tempera- it 
ture the saturated solution has a composition of 35'5 grams of 
salt to 100 grams of water. This composition corresponds to 
the formula NaCl + 9H2O very nearly. On the other hand, if 
we had had a solution which contained more salt, say 37*5 
parts of salt to 100 parts of water at 100°, and had cooled 
this solution, it would become saturated at a temperature of 
about 70°. On further cooling, salt crystals would separate out, 
since the solubUity decreases as the temperature falls. This 
would go on till the temperature became —21*3° C. Then the 
saturated solution would contain 35*5 parts of salt to 100 
parts of water, just as in the preceding case, and conse- 
quently after that, a mixture of the same composition would 
freeze out at the constant temperature of — 21*3° C. In this way 
we find that on cooling any solution of sodium chloride either 
ice or salt commences to separate out, and it finally freezes 
without changing its composition. Constant composition was 
usually regarded as a proof of a chemically uniform substance, 
and therefore Guthrie,^ who was the first to study these phe- 
nomena, supposed that the salt freezing out was a hydrate of 
the formula NaCl -f 9H2O. An investigation of this body 
shows that it consists of small crystals of ice mixed with 
crystals of salt, so that evidently the hydrate NaCl + 9H2O 
does not exist. We may, a priori, deduce that on freezing a 
salt solution there must finally separate a mixture of ice and 
salt in constant proportions, but we are not entitled d priori to 
conclude that a hydrate of this composition exists, either in the 
solid or liquid state. 

A phenomenon very like that just described occurs on 
heating a mixture of water and hydrochloric acid. Pure water 

» Quthrio, Phil. Mag. (4), 1875, 48, 1; (5), 1876, 1,49; 2,211; (5), 
1884, 17, 482.- 
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Is at 100% and pure hydrochloric acid at about — 80° under a 
ssure of 76 cm. The simplest case would be for the boiling- 
nt to rise continuously as the proportion of water increases, 
t as is the case for mixtures of alcohol (B.Pt. 78'2° at 

cm. pressure) and water (B.Pt. 100°). If we distil such a 
sture, we always find that the boiling-point of the residue 
38. The law governing this phenomenon was enunciated by 
jbs ^ and Konowalow,^ and may be deduced thermodynami- 
ly, as Gibbs has shown. The experimental facts correspond- 
: to this law are so familiar to every chemist, that you wQl, 

doubt, take the law for granted without my giving the 
her abstract deduction of it from the laws of thermodynamics. 

distilling a mixture of alcohol and water, the residue will 
i^ays become less volatile — that is, its concentration with 
pect to water will increase. Therefore the distillate will 
itain a greater proportion of alcohol than the residue. This 
js on until we have pure water remaining, after which the 
tillate is of the same composition as the residue, and the 
ling-point remains constant. On this property depends 
s possibility of partially separating alcohol from its aqueous 
utions, and of purifying it more and more by repeated 
tillation. 

If we replace the ethyl alcohol by hydrochloric acid, the 
iditions are altered a little, because the boiling-point of 
utions of this acid in water does not rise continuously as the 
)portion of water increases. Instead of this, the boiling- 
Lnt (see Fig. 4) reaches a maximum at 110° C, when the 
nposition of the solution is 20*24% (point c) of hydrochloric 
d (at a pressure of 76 cm.). Therefore, if we distil a solution 

this acid containing a greater percentage of hydrochloric 
d (say 40 %, point a), the boiling-point of the residue must 
iome higher — that is, the residue must always become less 
h in regard to hydrochloric acid as the distillation proceeds. 

the diagram we move along the curve ac. This goes on 
[ we have reached the maximum boiling-point (110° C.) 

e, after which it cannot but remain constant, and conse- 
ently the residue, as well as the distillate, must have a 

1 Cf. Gibbs, Trans, of the Connecticut Acad,, 3, 1876-1878. 

2 Konowalow, Ann, Physih. u. Chemie., (3), 1881, 14, 34 and 219. 

D 



34 THEORIES OF CHEMISTRY 

constant composition (corresponding to 20*24 % of hydrochlooe 
acid). 

We have an analogous case if we start with an acid con- 
taining less than 20 24 HCl, say 10 % (point 6). Here aln 
the boiling-point must increase on continued distillatioo, 
according to the general law. The residue must therefine 
become continually richer in hydrochloric acid. This time iw 
proceed in the diagram from the point 6 to the point c, K 
we distil a solution of hydrochloric acid at 76 cm. pressure, le 
obtain as end-product, both in the distillate and in the residue^ 
an acid of the composition 20*24% HCL This correspodb ( 



**' 10 20 ^ 40 50 60 70 60 SO M 

Fig. 4 —Boiling-points of solntionB of ethyl aloohol and hydioohlorio aoid. 

approximately to a composition represented by the formula 
HCl + 8H2O. Now, it is a general method for the separati(m 
of different, chemical individuals from one another to distil 
their mixture, and this operation succeeds in most casee, 
because they are analogous to the case of alcohol and water 
(dotted curve in the diagram), where no maximum boUing-point 
occurs at some definite concentration of the solution. 

Chemists were so familiar with this method of puri^^ 
chemical compounds, that they were led to suppose that in 
this case, as in most others, the constant boiling-point indicated 
a chemical individual. They were, therefore, inclined to admit 
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^at molecules of the formula HCl + 8HaO exist. That this 
new is not correct lias been shown by Roscoe,' who (listilled 

ilutions of hydrochloric acid at different pressures, aamely, 
70, 80, and 180 cm. The composition of the solutions of 

.axiraum boiling-point, distilling at these pressures, was found 

I be different from that characteristic of a pressure of 70 cm. ; 
mstead of 20'24%, 23-2. 20'4, 20-2, and 18-2 respecUvely were 
ihe perceatagos found. Now, it follows from Dalton's law that 

chemical individual must have the same composition under 
lifferent circumstances ; for instauce, the water wliich we 
iistil from aqueous solutions of alcohol lias always the same 
properties, the pressure at which it is distilled Iwing whatever 
we choose. Hence Roscoe concluded that the maximum boiling- 
point of solutions of hyflrochloric acid does not prove that a 
hydrate corresponding to the formula HCl -f- SHjO exists, 

There is another method of controlling this conclusion. We 
may Beparate mixed bodies from one another, not only by 
distillation, but also by shaking up with a third substance, for 
instance benzene, or by freezing the mixture. The latter 
method is the one applicable in this case. If we freeze a 
weak solution of hydrochloric acid, the process ia nearly the 
B as that of freezing a weak solution of sodium chloride. 
Water separates from the solution in the form of ice, and the 
strength of the solution therefore increases. This goes on con- 
tinuously, and we reach a point where the composition of the 
acid solution corresponds to the formula HCl -f- 8HaO. If 
molecules of this composition were stable, we might expect that 
they would separate from the liquid on further cooling, so that 
its composition would remain constant, just as in the distilla- 
tion. This is not the case, however ; water freezes out, and the 
strength of the solution increases until we reach a point where 
a cryohydrate separates. A solution of which the composition 
is HCl 4- 2HiO behaves iu quite another way. This compound 
freezes out, on cooling at the constant temperature of — 22°, in 
the form of fine needles, and we therefore say that it ia a real 
chemical individual (when in the solid, but not in the liquid 
state). 

' Roacoe and Dittmar, Journ. Chem. Soc, 1860, IS, 128; also Roscoe, 
Journ. Ckem. 5oe., 18G0, 18, 14(3. 
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Before leaving this subject it would be well to examine how 
a mixture of two components behaves, if there is a minimniD 
l)oiling -point for a certain composition of the mixture. This 
occurs for solutions of propyl alcohol in water, the boiling- 
IKiiiits of which are represented by the diagram (Fig. S). 
If we examine the curve corresponding to a pressure of 76 cm., 
we find that i)uro water Inrils at 100° C, and pure propyl alcoM 
at 0S° C. An admixture of the one of these substances with 
the other lowers the boiling-point, so that for a certain composi- 
t ion (al)out 70 % of alcohol), there occurs a minimum boiling-point 



100 



.rv 




too % 



20 40 00 80 

Fig. 5. — Boiling-pointB of solations of propyl aloohol (Konowalow). 



(87° C). If we now take a solution which contains less propyl 
alcohol, say 5 % (point (i), and distil it, the boiling-point will 
rise according to the general law, moving along the ourve from 
a towards w — that is, the residue will become richer in water 
than the original solution was, and the distillate richer in 
propyl alcohol. In the same way, we find that if we begin j 
with a solution containing more than 70 % of propyl alcohol 
(the point 6), the residue on distilling will get richer in 
alcohol, and the boiling-point moves along the branch ip of 
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the curve. The distillate is more volatile than the mixture 
being distilled, and therefore contains less alcohol. We see 
that in this case we may approximate to a distillate of the 
constant composition of 70% propyl alcohol by successive 
distillations. Here, as in the case of hydrochloric acid, we 
cannot conclude that this solution corresponds to a definite 
hydrate. The composition of the solution with minimum 
boiling-point again changes with the pressure, so that at low 
pressures it is poorer in alcohol than at high pressures. 

Many other substances, especially the hydrogen compounds 
of bromine, iodine, and fluorine, also nitric and formic acids, 
behave in the same manner as hydrochloric acid. In no 
one of these cases has it been possible to isolate hydrates by 
distillation. 

As will be seen from all these examples, it is necessary to 
exercise much judgment in seeking for the existence of hydrates 
or other combinations in solutions. The most certain method 
to use is that of Jones, who dissolved both the substances 
examined, e,g. sulphuric acid and water, in a solvent fluid, and 
determined the number of molecules present by one of the 
methods of Eaoult. Other methods wliich cannot be supported 
by theoretical considerations ought to be used very cautiously, 
otherwise we risk being led into wholly erroneous conclusions. 
The method of Jones has the disadvantage, that it only indicates 
the occurrence of compounds in the presence of a third sub- 
stance, the solvent, in great excess. In all cases it is certain 
that the compounds which exist in presence of this solvent 
also exist in its absence. For the examination of the substances 
in the absence of a third substance as solvent, the conductivity 
method merits a higher degree of trustworthiness than other 
methods, because it has been better discussed. 

It is to be regretted that most of the work done in connec- 
tion with such researches has not been guided by clear theoretical 
considerations, and that consequently most of the conclusions 
so obtained have a very doubtful value. But the few researches 
on a solid theoretical basis — almost the only one which has 
given positive results is that on the compounds of sulphuric 
acid and water— seem to prove that hydrates occur in solutions 
as well as in the solid state. The hydrates with very great 
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molecular weights— as, for instance, HaSOi + I5OH2O, 2H2SO4+ 
25H2O, or even HCl + SHjO — the existence of which had, from 
dififerent physical properties, been inferred, seem not to exist io 
solution, at all events to any extent. It seems that in inorganic 
nature molecules built up of a very great number of atoms are 
not stable. 



CHAPTER IV 

DISCUSSION OF THE VALIDITY OF D ALTON'S LAW 

As we have already often had occasion to point out, the idea of 
the existence of many dififerent kinds of atoms and their occur- 
rence in combinations of definite proportions is wholly peculiar 
to chemistry. It seems much more natural to suppose that only 
one kind of primary matter exists, and one might suppose that 
this primary matter is the luminiferous ether which fills the 
whole of space, including the interstices between material 
molecules. Fresh attempts are always being made to imagine 
some mode of conversion of ether into matter, and vice versa. 
According to this view, that part of ether which we call matter 
should be diJfiferent from the common imponderable ether which 
fills space. The simplest supposition seems to be that the 
motion is different in the two cases. Now, hydrodynamics 
teaches us that in a frictionless liquid there may exist vortices, 
and these vortices are wholly indestructible. The conception 
of such indestructible vortices seems to bear some analogy to 
the idea of indestructible atoms which we have constructed 
from our chemical experiences. Mathematical physicists have 
also endeavoured to find other properties of vortices which 
would be in agreement with our experimental knowledge of the 
properties of atoms, and this work has been partially crowned 
with success. But the great difficulty of working with this 
hypothesis is in strong contrast to the simplicity of the 
deductions from the atomic theory. Now, just as a theory is all 
the better the easier it is to use, as in the case of any other 
tool, so the conception of matter as consisting of ethereal 
vortices has found no marked acceptance among chemists. As 
far as I know, this idea has not led to the discovery of new 



4t> THEORIES OF CHEMISTRY 

pheiiomoua or uew laws. On the other liand^it is very difficult 
to imagine anything in the nature of a Motionless fluid, as all 
fluids with which we deal are characterized by possessing 
viscosity. Furtherni(»re, it is just as impossible to create 
vortices in a frictionless fluid as to destroy them ; they most 
have existed from the beginning, and they would diffisr 
from common ether just as much as matter does. I am, theie- 
foiv, of the opinion that it is more practical to keep to the 
simple atomic theory of Dalton than to substitute for it the 
academic hyi)othesis of ethereal vortices. 

We have seen that in some operations, for instance, freezing 
or distilling a mixture, the portions separating from the Uqnid 
have the same comj)osition as the liquid itself. Such mixtuies 
are called hylotropic. If we imagine a hylotropic mixture 
which has the same composition after being submitted to 
diflei-ent processes of separation, we should call such a mixtnie 
a chemical individual. For instance, water is a chemical in- 
dividual, because we may distil it or freeze it, and it always 
retains the same properties as the original water, although ve 
may have altered the circumstances, say the pressure, under 
wiiich it was distilled or frozen. But if we heat the water to 
a very high temperature, say 2000° C, it is partially dissociated 
into oxygen and hydrogen (as DeviUe^ proved). The same 
decomposition of water may be brought about by the aid of 
the electric current. Therefore we say that water is a chemical 
compound. Only such chemical individuals as have a constant 
composition under all exterual conditions would be called 
elements. 

Eecently a Bohemian chemist and natural philosopher, 
Franz Wald,^ has expressed the opinion that the constant 
composition of chemical products depends on the manner in 
which they are produced. 

He asserts that frequent attempts have been made to render 
the atomic hypothesis superfluous. " This circumstance might 
be quoted as a proof that this hypothesis is not capable of 
satisfying human thought. But all attempts in this cMreotion, 
as far as I know, are characterized by an audacious flight 

1 Devillo, Comjit. rend., 1857, 45, 857 ; 1863, 56, 195. 

2 Wald, ZeiU phyHkal Chern,, 1895, 18, 337 ; 1896, 18, 607. 
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of thought, or, I might perhaps say, by a lack of thought. 
Difficulties do not exist for most writers on this subject ; every- 
thing seems perfectly clear to them, but among their readers 
fliey find no credence." 

Wald opens up a new way ; he asserts that tlie chemist, 
without being conscious of it, prepares his substances so that 
they obey the laws of simple and multiple proportions. Ho 
meets the objection that Nature also produces chemical in- 
dividuals by stating that chemically pure substances are very 
rare in Nature, and, further, that the processes by which Nature 
produces chemical individuals show an evident similarity to 
laboratory work. 

In order to understand this statement better, we wQl briefly 
review the circumstances which determine the production of 
chemical substances in Nature. 

The philosophers of antiquity had already observed the 
great difference between the three states of aggregation, gaseous, 
liquid, and solid, which are characteristic of natural products. 
The gaseous and the liquid states may be regarded as very 
nearly related to one another ; it is possible to change a sub- 
stance continuously from the liquid to the gaseous state, and 
vice verm. The common characteristic of both these states is 
the mobility of the particles of the substances concerned. If 
we have two gases, for instance, oxygen and hydrogen, in 
a flask, the lighter hydrogen above, we find that the two gases 
mix with each other by a process called diffusion, which finally 
gives a uniform mixture of hydrogen and oxygen in spite of 
the force of gravitation. To explain this phenomenon it seems 
necessary to suppose that the ultimate particles, the molecules, 
of both the gases are endowed with a ceaseless motion which 
causes them to intermingle completely with one another.^ 

The same is valid for two liquids which mix with each other 
in all proportions, for instance, alcohol and water. We there- 
fore suppose an analogous motion of the particles of the liquids. 
Here, however, we come in contact with a new phenomenon, as 
it frequently happens that two liquids, for instance, ether and 
water, are not miscible in all proportions. 

1 We here neglect the extremely small influence of gravitation (or other 
external forces) upon these equilibria. 
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Whea we come to solid bodies, there is a vast difference. 
If we place a crystal of ice close to one of sodium chloride at; 
a temperature below —21-3 °C., the two do not mix with each 
other, but remain unchanged. On this peculiarity depends the 
property which was known even to the alchemists that usually 
only fluid, is, liquid and gaseous, but not solid bodies, react 
chemically. The molecules of solid substances differ from those 
of liquids by the peculiarity that they are fixed in a given 
position relatively to each other. They may possibly possess 
motion, but it consists only of oscillation about a mean position. 
There are some very remarkable exceptions to this rule. Some 
solid substances mix with each other, forming so-called " soUd 
solutions," first characterized by van't Hoffi^ For instance, gold 
diffuses into lead, although very slowly, at ordinary temperatures. 
At temperatures near the melting-point of the lead the process 
goes on much faster, as was shown by Eoberts-Austen.^ Bufc 
the cases of " solid solution " are very rare, so that we may now 
neglect them. The property of liquids of dissolving foreign 
substances is closely connected with the mobility of their mole- 
cules and their relatively great density. This property is missing 
in the case of solid substances, with the exception of "solid 
solutions." Instead of the property of intermingling which we 
observe in molecules of liquid and gaseous substances, the mole- 
cules of solids show a tendency to collect together owing to the 
capillary forces. To illustrate the action of capillary forces, let 
us suppose that we have eight drops of water, each 0*01 milli- 
metre in diameter, and one drop of double the diameter; the 
total volume would be the same in the two cases, but the surface 
would be twice as great in the first as in the second case. The 
capillary forces tend in general to diminish the superficial area 
of matter, therefore the second system is more stable than the 
first ; also, if one of the eight drops were a little greater than the 
other seven, the latter would distil over to the former, as Lord 
Kelvin has shown. The same conclusion holds good for solid 
bodies, for instance, crystals surrounded by a solvent ; therefore, 
large crystals grow at the expense of smaller ones. Volcanic 
rocks which have solidified rapidly, e,g, obsidian, possess a vitreous 

1 van't Hoff, ZtiL physikcd. Ghem., 1890, 5, 322. 

2 Roberts-Austen, Froc, Roy. Soc, 1900, 67, 100. 
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structure, their crystals uot ha\-iug had time to grow to sizes 
greater than the wave-lengths of light. On the other haud, 
igaeous rocks which solidified slowly, such as granite, contain 
rather large crystals. Again, vitreous silicates, e.g. common 
window-glass, dovitrify with time — that is, some of their 8ub- 
microacopic crystals gi-ow lai^r. The crystals which have 
separated out from aqueous solutions are, in general, much 
greater than those from molten salts, esiiecially from molten 
silicatsB. This peculiarity probably depends on the greater 
fluidity of aqueous solutions compared with that of molten 
substances. 

Laboratory work uses this natural property of the capillary 
forces for preparing pure substances in solid form by crystallizing 
them out from their solutions. Chemiata use repeated distilla- 
tion for separating their products from one another, e.g. alcohol 
from water, only in cases where it ia difficult to use crystalliza- 
tion owing to the low temperature required. It would be more 
true to say that laboratory work is similar to Nature's work 
rather than the converse, as Wald puts it. 

Now, most substances, natural as well as artificial, occur 
in the solid state at ordinary temperatures, and these solid 
aubstancea obey Dalton's law, But also when preparing gases 
we in most cases obtain pure (or nearly pure), substances, and 
therefore Dalton's laws hold good for them also ; and indeed 
we saw that Dalton deduced his law mainly from observations 
on gases. 

If the temperature were ao high that no substances existed 
in the solid state, as is probably the case below a certain depth 
in the earth, it would be quite impossible to study chemistry, 
for then uo vessels would exist for isolating chemical products. 
These would diffuse into one another and form some few phases 
containing inseparable mixtures of widely differing kinds of 
molecules. Chemistry is based upon the existence of solid 
substances which are characterized by their obeying Dalton's 
law, and therefore it is not right to assert that the acceptance 
of this law is based upon an arbitrary restriction. 

We may now refer once more to the opinion of Wald. He 
says that we regard constant composition as a proof of chemical 

' A goud examjile for this oaBc was the nitrogen preiwired frotu air. 
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purity, and therefore purify substances until they show constant 
proportions. This may be true at the present time, but at the 
time when Berthollet had his controversy with Proust, or when 
Dalton discovered his law, it was not true. Taking as his 
starting-point the view, which was held at that time, that the 
constituents of chemical compounds are held together by forces 
which are analogous to the best investigated of all forces, 
namely, gravitation, Berthollet was led to the opinion that 
chemical compounds do not have a constant composition. 
Indeed, if a quantity of oxygen corresponds to the sun, and 
different quantities of hydrogen correspond to the planets, we 
may introduce just as many hydrogen planets as we wish; they 
will all be attracted by the oxygen sun. In other words, the 
system of sun and planets, which represents a quantity of 
water, might contain any desired proportion of hydrogen, or 
water should, according to this idea, not have a constant 
composition. It was only by actual experimental work that 
Proust was led to conclude that oxygen combines with tin in 
two perfectly definite proportions only, in contradiction to the 
prevailing ideas of that time, as represented by Berthollet. In 
the same manner Dalton, in his classical research on multiple 
proportions, investigated chemical compounds which occurred 
naturally at that time, or were prepared according to methods 
invented by chemists such as Cavendish, Priestley, Davy, and 
himself, without any preconceived ideas of their constant com- 
position. It seems to me, therefore, that Wald's fundamental 
supposition, namely, that we acknowledge no substance as a 
simple chemical individual, unless it has a constant composition, 
was not tenable at the time when Dalton's law was formulated. 
Since the experimental evidence, accumulated during the 
century following, showed the correctness of this law, it seemed 
so well established that it could be used in the examination of 
the purity of chemical individuals. The fact that this appli- 
cation of the law has never led to false conclusions gives new ' 
and strong evidence in favour of its validity. Wald seems 
rather to be reasoning in a circle. Hence I think that the 
words of Helmholtz in his Faraday Lecture of 1881 are still 
valid: "We have not yet any theory sufficiently developed 
which can explain all the facts of chemistry as simply and 
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as consistently as the atomic theory developetl in modem 
chemistry/* 

Attention has recently been called to the views of Wald, 
because Ostwald, in his Faraday Lecture, lias supported them 
with the weight of his authority.^ 

Ostwald also attempts to deduce the law of multiple 
proportions and the law of combining weights from the law of 
constant proportions. If three elements, A, B, and C, form th(» 
compounds AB, AC, BC, and ABC, we first think of the com- 
pound AB being formed by A and B uniting together in 
definite proportions. The compound ABC can then Ije formed. 
In this Ostwald tacitlyassumes that the constant proportions of 
the elements A and B remain unaltered ; naturally this must 
first be proved. It seems to me, however, that one can just as 
validly assume that, if the quantity of A is taken as the unit, 
the quantity of B in AB is not even approximately the same as 
in ABO. The quantity of B which combines with the unit 
quantity of A is generally a function of the quantity of C 
contained in the compound. That this function assumes the 
simplest possible form, that of a constant, must be considered 
as a matter of experience, and not as a pHori obvious. Similarly, 
the quantity of C which combines with the unit quantity of A 
is a function of the quantity of B in the compound. 

Ostwald deduces the law of multiple proportions in a 
similar way, and the same objections may be made. The law 
of multiple proportions may be illustrated graphically as 
follows : The quantity of A which combines with different 
quantities of B and C is taken as the unit. The composition of 
the compounds ABi, AB2, AB3, etc., is represented by equi- 
distant points (distance apart = b) on the B axis, i.e. the 
qiiantities of B combined with the unit quantity of A in 
different compounds stand to each other in simple rational 
proportions. (Some of these points may be missing if the 
corresponding compounds are not known.) In just the same 
way, the compounds of A and C may be represented by equi- 
distant points (distance apart = c) on the C axis. 

All the compounds of A, B, and C can then be represented 
by points, the abscissae and ordinates of which are simple 

* Ostwald, Faraday Lecture, Joum. Chem, Soc.y 1904, 85, 518. 
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multiples of l and c respectively. Now, the law of the 
composition of the compound ABC only demands that 
ratio of the quantities of B and C which enter into combination 
shall be independent of the method of preparation of this 
compound. The point, however, which represents this com- 
pound graphically may have any position in the co-ordinate 
syatem BC, and no a priori conception can, in contradiction to 
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Ostwald's ideas, lead to the conclusion that it will be coinci- 
dent with one of the aforementioned points. Similarly there is j 
no a priori reason why the compound BC, which does not 
contain A, should be represented by the characteristic point of 
the compound ABC, so far as the ratio of the quantities of B 
and C in it are concerned. Bather can its composition, if B is 
fixed, be represented by any point BiCi under or above ABO. 



CHAPTER V 

ELECTRICAL FORCES BETWEEN THE ATOMS — 
FARADAY'S LAW 

As we have already seen, it is impossible to suppose that the 
atoma in the molecule are held together hy an atCractioD 
following the law of gravitation. The chemical attraction 
between the two kinds of atoms in a compound (considering 
the simple case of a compound of two kinds of atoms only) 
must in many cases, e.g. HCl, be of such a nature that as soon 
as the one kind of atom has united with the equivalent mass 
of the other kind, it exerts no further attraction on atoms of this 
- second kind. In physics we have a similar case in tlie attrac- 
tion between two electrically charged bodies. If we have a 
body. A, charged with the quantity « of positive electricity, 
it will attract negatively charged bodies, B, each one charged 
with the quantity h. Suppose one of these bodies, B, is 
brought so near to the body A that their charges come into 
close proximity ; then the complex A + B will exert an 
attraction upon negative bodies as if it carried the positive 
charge a. — h. It will attract and combine with more negative 
bodies, B, until a compound, A + nB, is formed which is 
electrically neutral, so that the charge a of A is equal to but 
of opposite sign from that 7i6 of the jiB bodies. As wo know 
that chemical substances (which are not artificially electrified) 
are electrically neutral, we are led, according to this analogy, to 
the conclusion that every molecule contains one or more units 
of both positive and negative electricity, and that the number 
of positive electrical units connected with the positively charged 
atoms in a chemical compound is precisely equal to the number 
of negative electrical units bound to the negatively electrified 
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atoms in the same compound. For instance, we have every 
reason to suppose that the hydrogen atoms in the molecule rf 
hydrochloric acid are positively charged. If we choose the 
charge of a hydrogen atom as the unit quantity, then the 
chlorine atom must be charged with the corresponding negative 
unit. We must, with Helmholtz and J. J. Thomson,^ suppoae 
an atomic constitution of electricity as well as of matter. But in 
electricity there are only two kinds of atoms, positive and 
negative, all of the same magnitude. We evolve in this way 
the supposition that the forces holding together the atoms in 
a molecule are very nearly related to electrical forces, an idea 
which has very often prevailed amongst chemists who were 
engaged in the investigation of electro-chemical problems. The 
development of this idea is of very great interest, and we now 
proceed to review its history.^ 

In the middle of the eighteenth century the striking effects 
produced by electrical machines were the object of much 
research. The physiological effects were the most startling, 
and were studied by the greater number of experimenters ; but 
also nearly all the then known chemical products were sub- 
mitted to the action of electricity, and occasionally valuable 
observations were made. Thus Beccaria found that oxides of 
metals are reduced, and he produced zinc and mercury in this 
way. A little later Priestley carried out his-great work on the 
physics and chemistry of gases. He subjected air to the 
influence of electric sparks, and found that an acid was formed. 
He mistook it for carbonic acid, but it was recognized by Caven- 
dish to be nitric acid. Priestley also passed electric sparks 
through oil and ether, and found that a gas containing hydrogen 
was evolved. Van Marum repeated the researches of Beccaria 
and Priestley on a larger scale. He found that the electric 
spark not only reduces metallic oxides, but that it also some- 
times causes the oxidation of certain metals, e,g, lead, with the 
aid of the oxygen of the air. He also found that many liquids 
and solids, as, for instance, alcohol and camphor, give hydrogen 
under the influence of electric sparks. In his experiments, 

1 Cf. J. J. Thomson, « Electricity and Matter." 

2 This history is given in detail in Ostwald's " Elektrochemie, ihre 
Geschichte und Lehre " (Leipzig, 1896). 
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'ater gave liydrogeu, but no oxygeu ; van Marum oxplained 
jhis as beiug due to the combinatiou of tlie oxygen with mercmy. 
Ammonia gave a mixtvu^ of nitrogen anil hydrogen. 

A little later (1789) Deimann and Paets van Truoatwyk 
lucoeeded in decomposing water into oxygen and hydj-ogen, 
Cbey employed a tube, closed at the top, and with a metal wii'e 
sealed in. This was connected with one pole of a large 
fictional machine, the other pole beiug connected with a wii-c 
itroduced through the open lower end of the tube, The tube 
was filled with water and stood in a basin of water. The 
electiic spark produced gas-bubbles in the water, which was 
flriven down tiie tube as the gaa collected, until the ui)per 
metal wire was no longer in contact with the water. The 
Bpark then passed tlu-ough the gas, which in consequence 
exploded. It proved to be a mixture of oxygeu and hydrogen. 
Probably the greater part of the gas evolved was due, a3 later 
experiments of Perrot * seem to show, to the thermal effect of 
the spark, and not to its electrolytic action, 

Eitter repeated this experiment, using electrodes of silver 
wire and a solution of a silver salt instead of water. He found 
that a tliin deposit of silver was deposited on the negative 
pole, Ou revershig the current this silver deposit was dissolved 
s^Q. This experiment seems to be the first one clearly 
establishing the electrolytic action of the electric current. 

In 1795, Volta arranged the metals in a series according to 
the electrical charges they assume on contact. Eitter showed 
that the same series is obtained if the metals are ranged 
according to their ability to displace one another from solutions 
of their salts. 

The coustruction of tlie voltaic pile by Volta in 1800 gave 
a new oharacter to electrical reaearchea. The physiological 
effects and the size of the electric sparks produced by a pile 
were not nearly so startling as those obtained with the old 
electrical machine, but, on the other hand, the pile produced 
much greater chemical effects. The difference between the pile 
and the electrical machine is that the former gives a great 
quantity of electricity of low potential, whereas the opposite is 
true for the latter. Now, the chemical effects are only 
' Perrot, Comjif. rtnd., 1858, 49, 180 ; 47, 359. 
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dependent on the quantity of electricity, and therefore the pile 
was most valuable for studying electrochemical phenomena. 

The peculiar effects of the voltaic pile attracted general 
interest, so that much research was done with it very soon after 
its construction. Thus the classical work of Nicholson and 
Carlisle on the decomposition of water (containing dissolved 
salt) into hydrogen and oxygen was carried out as early as 1800. 
At first they used brass electrodes, and found that hydrogen 
was evolved at the electrode connected with the silver pole of 
the pile. (This was made of combinations of half-crown pieces 
and zinc plates, separated from one another by pieces of paste- 
board saturated with acidulated water. The silver pole was 
therefore the negative one.) The other brass electrode, con- 
nected with the positive zinc pole of the pile, was oxidized, no 
oxygen being set free. Afterwards they used platinum electrodes, 
and then they found that the oxygen formed at the positive pole 
was given off as a gas, although its quantity was not so great as 
that of the hydrogen evolved from the negative pole. They 
were very astonished at this result, as they had expected to find 
both oxygen and hydrogen liberated at each pole. They also 
observed that litmus turned red at the positive pole, and that 
chemical processes were going on in the pile itself while it was 
producing electricity. 

Davy also made experiments with the voltaic pile, and was 
early (1801) led by them to suppose that the chemical processes 
going on in the pile were the true cause of the electric current, 
and not the contact of the metals, as Volta supposed. He con- 
structed piles with only one metal, copper, and two liquidSi a 
solution of nitric acid and a solution of sulphide of potassium, 
and in this way proved the correctness of his views. At that 
time it was supposed that water was decomposed into acid and 
alkali. Davy showed this supposition not to be borne out if 
pure water was used in a gold vessel. The observation depended 
on the use of vessels of glass or other. materials, which were 
partially dissolved by the water. A few years later Davy pre- 
pared for the first time the alkali metals, sodium and potassium, 
by decomposing caustic soda and caustic potash with the help 
of the electric current. These researches were extended later 
on by Bunsen and his pupils. 
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.vy ted liim to the idem tint d—jfl Bfiai^ u mmal hf ' 
lectrical chaises oq tbe atons, vfaieb tlias altnet floe i 
[aking lue of Volte's idea, tfau tm bodies beeoaH c h ap J 
rith opposite kinds of dectocitf irites tlwy am bRmgfat tato 
Dutact, Davy sappoaed that oontaet action was tho aoune of 
be electrical chu^ on the atoois. On eleetnilyMS the atoou 
re attracted to the pole of qiposite sign to that of thetr own 
lectric charge. Bt tbe electiofytie prooen the atoma am 
rongfat back to tbe nncfaarged state vbicb chancterized tbem 
lefore their union. 

About tbe same time (1807) Berzelius paUished the 
lectro chemical researches earned oat by himself and Baron 
iisinger. They drew the following conclusions from their 
Bcperiments : — 

Neutral salts are decomposed by tbe electric current. In 
[eneral chemical compound:; are decomposed by the current, 
nd their components collect at the poles. 

To the negative pole migrate combustible substances («.^. 
iydrogen), alkalis, and earths ; to the positive pole, oxygen, 
iddB, and oxidized compounds. Tbe same substance may in 
ome cases migrate to the positive, in other cases to the negative, 
Jole. Thus, for instance, nitrt^en wanders to the negative pole 
luring the electrolysis of ammonia, and to the positive pole, 
together with oxygen, on the electrolysis of nitric acid. This 
^int was of importance for the electrochemical views of 
Berzelius, according to which the same atom might sometimes 
[>eliave as a positively, sometimes as a negatively, charged body, 
it depending upon the other atom or atoms with which it was 
combined. 

Since all compounds of oxygen evolve this gas at the positive 
pole, oxygen was regarded by Berzelius as the moat negative of 
jU substances. Next to it came sulphur, selenium, nitrogen, 
Qie halogens, phosphorus, etc., which only went to the negative 
pole when they were liberated from their compounds with 
Oxygen, but otherwise to the positive pole. With oxygen these 
Begative substances form very stroDg acids, wliich likewise 
irander to the positive pole. For this i-eason he placed otlier 
lubstances which give acids with oxygen near to the oxygen 
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times that of hydrogen, which was used as unit), the equivaleot | ar 

weight of tin, calculated according to Faraday's law, is 

3 2 
-— - X 9 = 57*9. At Faraday's time this equivalent was given 

as 58 ; modem determinations give 59*4 (atomic weight of 
Sn = 118-8). 

In the same way Faraday determined the so-called electro- 
chemical equivalents of different substances (that is, tbe 
quantities which are liberated by the same amount of electri- 
city as that required to liberate the unit weight of hydrogen), 
and he found that the electro-chemical equivalents correspond 
completely with the chemical equivalents. 

It is very astonishing to find that Faraday, as can be seen 
from his writings, nevertheless supposed that a current, if weak 
enough, may pass through an electrolyte without decomposing 
it. As a matter of fact, the decomposition is not always visible 
when very weak currents are used, because the products of 
decomposition, e.g, oxygen and hydrogen, are dissolved by the 
surrounding liquid. By this supposition he contradicted his 
own law. Berzelius opposed it very strongly; he held the 
opinion that the most stable compounds are held together by 
the strongest charges. 

During the electrolysis of water, for example, it seemed most 
startling that both its constituents did not appear at the same 
place (as Nicholson and Carlisle had expected), but at some 
distance from each other, namely, at the two electrodes, which 
may be placed at any desired distance apart. We must, there- 
fore, not be surprised that Eitter put forward the idea that 
hydrogen is a compound of water and negative electricity, and 
oxygen a compound of water and positive electricity. But 
this idea was not in accordance with Lavoisier's proof that 
water is a compound of hydrogen and oxygen only, and there- 
fore Grotthuss formulated the following hypothesis, which was 
generally accepted to explain the conduction of electricity 
through electrolytes. He supposed that, under the influence of 
the electric charges on the two electrodes, the molecules of the 
electrolyte, for instance, of potassium chloride, arrange them- 
selves so that they all turn their positive part, the potassium 
atom, towards the negative electrode (see Fig. 8). The molecules 
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are arranged in a manner analogous to the supposed arrange- 
ment of the small molecular magnets in a magnet. Electrolysis 
consists of liberating the outermost potassium atom at the 
negative electrode, and the outermost chlorine atom at the 
positive electrode. Grotthuss, as well as Davy and Faraday, 
regarded the electrodes as the paths (" electrode " was derived 
by Faraday from a Greek word signifying " path of electricity ") 
by which the positive and negative electricities entered the 
electrolyte to combine with the negative and positive ions. 

After the first ions are deposited, the chlorine atom of the 
first molecule combines with the potassium of the second 
molecule, the chlorine atom of this latter molecule with the 
potassium atom of the third molecule, and so on (Fig. 8, b). 
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Under the influence of the charges of the electrodes these turn 
round again, so that they become " polarized " (Fig. 8, c). Elec- 
trolysis then commences afresh, liberating the second potassium 
atom and the last but one chlorine atom, and so on. This 
wandering of the positive and negative parts of the molecule, 
which we now call ions, does not go on with the same velocity 
for different ions. This was shown by Hittorf in his masterly 
work on the migration of ions, carried out in the middle of 
last century. To this research, which is intimately connected 
with the dissociation theory of electrolytes, we shall refer again 
later on. In order to avoid unnecessary difficulties, we antici- 
pate here the results of this theory. According to it, the con- 
ducting molecules are split up into their charged ions, which 
move about freely in the electrolytic liquid. If we now dip 
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two electrodes which are connected with an accumulator into 
this liquid, the latter receives a higher electrical potential at the 
positive electrode than at the negative one. All positively 
charged substances, and therefore the positive ions, move, if 
they are free, from higher to lower potentials, and negatively 
charged bodies, including negative ions, in the opposite direc- 
tion. The velocity of the ions depends only on the rate of 
the fall of potential, and on the friction of the ions against 
the surrounding liquid. This friction is not the same for all 
ions, and therefore they move with different velocities under 
the influence of the same electrical force. 

The meaning of Faraday's law, according to these modem 
conceptions, is very simple. Suppose we have a very dilute 
solution of hydrochloric acid, in which we dissolve sodium. 
The HCl molecules are (practically) completely dissociated 
into their ions — hydrogen ions, which are charged positively, as 
they wander with the current from higher to lower potential, 
and chlorine ions, charged just as strongly negatively, since the 
liquid is electrically neutral. Here the composition of the 
molecule is so simple that there cannot be any doubt as to 
the composition of the ions. The contact of the acid with 
electrically neutral sodium brings about solution of the latter, 
and a chemically equivalent quantity of electrically neutral 
hydrogen gas escapes. The hydrogen atoms, when they existed 
as ions, were positively charged, and since they now escape in 
the neutral state, they must have given up their whole charge 
to the liquid. This charge must have gone to the dissolved 
sodium, for the other parts of the liquid are unchanged. There- 
fore the sodium ions in the new solution carry just as much 
positive electricity as the chemically equivalent quantity of 
hydrogen ions did before. This is one way of expressing Fara- 
day's law. In exactly the same way as above, we can prove 
that if a positive ion is replaced by another — whereby necessarily 
equivalent quantities are exchanged — this new ion carries just 
as big a charge as the old one. This charge is found to be 
96,500 coulombs for one gram of hydrogen. Since, now, in 
sodium chloride the positive ion is sodium, all substances 
which can replace sodium chemically in sodium chloride play 
the role of positive ions. These are the various metals, together 
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with hydrogen, ammonium, uranyl (UO2), and many other so- 
called compound radicles mostly belonging to organic chemistry. 
The negative ions are the residues of the salts or acids when 
they are deprived of their metals or hydrogen atoms respec- 
tively. Thus, for instance, the ions of potassium ferrocyanide, 
K4FeC6N6, are 4K and FeCeNe, the latter carrying four atomic 
charges, because it is equivalent to four K ions, each of which 
carries one atomic charge. The ions of phenylanimonium 
chloride, OeHsNHsCl, are CeHsNHa (because it may be regarded 
as replacing K in KCl) and CI, each carrying one atomic charge. 
If zinc is substituted for hydrogen in hydrochloric acid, every 
atom of zinc replaces two atoms of hydrogen ; therefore we say 
that the zinc ion carries two atomic charges of electricity. This 
evidently corresponds to the chemical expression that zinc 
is a divalent body. In the same manner we find that the 
aluminium ion carries three atomic charges, which signifies that 
it is chemically trivalent. Some metals give two diflferent ions ; 
for instance, iron, the ions of which are divalent in the ferrous 
compounds, and trivalent in the ferric compounds. Sometimes 
a metal gives two ions of different composition, but having the 
same valency; e.g. mercury gives the divalent ions Hg2 in 
mercurous, and Hg in mercuric compounds. 



CHAPTER VI 

ELECTRICAL FORCES BETWEEN THE ATOMS {CON- 
TINUED): CHEMICAL VALENCY AND AFFINITY 

Evidently we here come into close touch with the difficult 
rules of valency. As long as we consider ordinary electrolytes 
the case is extremely simple. But if we draw the obvious 
conclusions from the statement that all the atomic complexes 
which may replace a metal in one of its salts, or which may 
be replaced by a metal, also play the roU of ions in their 
compounds, we are led to a system corresponding closely to 
Berzelius' so-called dualistic system of chemistry, and which 
has to contend with very important difficulties. 

This step was taken by Helmholtz in his renovmned Faraday 
Lecture of 1881/ which, so to say, revived the theory of Berzelius, 
which had been abandoned some forty years before, because of 
the victorious attacks upon it connected with the development 
of modem organic chemistry. Dumas had, for instance, found 
that chlorine, which (according to Berzelius) was a very strongly 
negative element, could replace the positive element hydrogen 
in acetic acid, and the substitution product had very nearly the 
same properties as the original acetic acid. This fact seemed 
inexplicable by the Berzelius theory, and on this and similar 
grounds the theory was given up. (Berzelius might have made 
use of his statement, that the same atom may sometimes be 
positive and sometimes negative, as he had, for instance, sup- 
posed in the case of nitrogen.) Helmholtz recalls that Faraday 
already had expressed the opinion that sulphur is negatively 
charged in silver sulphide, but positively in strong sulphuric 

1 Helmholtz, Faraday Lecture, Journ, Chem, Soc, 1881, 89, 277. 
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acid. " Afterwards he (Faraday) suspected that the deposition 
of BTilphiir from sulphuric acid might be a secondary result. 
Oa electrolyziag strong sulphuric acid, the cathion (positive 
ion) may be hydrogen, which combiueB with the oxygen of the 
acid and drives out the sulphur. But if this is the case, 
hydrogen, recombined with oxygen to form water, must retain 
its positive charge, and it is the sulphur which in our case 
must give up positive charges to the negative electrode. 
Therefore this sulphur of sulphuric acid must be charged with 
positive eq^uivalents of electricity. The same reasoning may 
be applied in a great many other instances." " Xow arises 
the question, Are all these relations between electricity and 
chemical combination limited to that class of bodies which 
we know as electrolytes ? " Helmholtz gives two delicate 
methods of detecting electrolytic conduction. The one consists 
in the observation of the so-called electrolytic polarisation after 
the passage of a current through an electrolytic condnctor. If 
we dip two platinum plates into an electrolyte and connect 
them for a time with a galvanic battery, and afterwards replace 
the battery by a quadrant electrometer, the two platinum plates 
then show a potential difference. This depends on a change in 
the nature of the platinum plates ; they are coated with thin 
layers of the two decomposition products liberatetl from the 
electrolyte during the electrolysis. A pupil of Helmholtz, 
Picker, carried out such experiments, using a battery of eight 
Daniell cells, which he allowed to act upon the supposed 
electrolyte for twenty-four hours. He observed deflections of 
the electrometer, corresponding to about 35 volt for the 
purest alcohol, ether, and oil of turpentine, and about 09 volt 
for benzene. 

The other method consisted in placing two different metal 
plates in contact with the substance \mder examination, and 
testing them for a potential difference. "If the connection 
lasts long enough, even glass, resin, shellac, paraffin, sulphur — 
the best insulators we know — give the same effect as 
eleotrolyt«s.'' 

" An these facts show that electrolytic conduction is not at 
all limited to solutions of acids (bases) or salts. It will, how- 
ever, be a rather difficult problem to find out to what extent 
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electn^lytic conduction exists, and I am not yet prepared to 
give a positive answer." 

Later on, Helniholtz seems to incline to the idea that all 
chemical compounds are electrolytes. "If we conclude from 
the facts that every unit of affinity is charged with one equi- 
valent either of positive or of negative electricity, they can 
form compounds, being electrically neutral, only if every unit 
charged positively unites under the influence of a mighty elec- 
tric attraction with another unit charged negatively. You see 
that this ought to produce compounds in which every xmit of 
affinity of every atom is connected with one, and only one, other 
unit of another atom. This, as you will see immediately, is 
the modern chemical theory of quantivalence, comprising aU 
the saturated compounds. The fact that even elementary sub- 
stances, with few exceptions, have molecules composed of two 
atoms, makes it probable that even in these cases electric neu- 
tralization is produced by the combination of two atoms, each 
charged with its full electrical equivalent, not by neutralization 
of every single unit of affinity." 

" Unsaturated compounds with an even number of uncon- 
nected units of affinity, offer no objection to such an hypothesis ; 
they may be charged with equal equivalents of opposite elec- 
tricity. Unsaturated compounds with one imconnected unit, 
existing only at high temperatures, may be explained as dis- 
sociated by intense molecular motion of heat in spite of their 
electric attractions. But there remains one single instance of a 
compound which, according to the law of Avogadro, must be con- 
sidered as unsaturated even at the lowest temperatures, namely, 
nitric oxide (NO), a substance offering very uncomjmon pecu- 
liarities, the behaviour of which will be perhaps explained by 
future researches." 

These words give a very clear idea of the opinions prevalent 
among chemists at that time. Helmholtz was not familiar 
enough with chemical phenomena to try to modify them. He 
could even then have named another substance, namely NOa, 
which did not conform to the rules of valency accepted in his 
time. Since then the measm*ements of vapour-densities, as 
well as of freezing-points, have indicated the existence of 
molecules, the composition of which, determined according to 
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the laws of Avogadro and van*t Hoff, agrees no better with 
the old rules of valency than the molecular formula NO does. 

Chemists, therefore, have given up the old idea that unsatu- 
rated compounds always show an " even number of unconnected 
units of affinity." At the present time most of them seem to 
incline to the opinion that nitrogen may be 1-, 2-, 3-, 4-, or 
5-valent in its compounds with oxygen, and that other elements 
may possess varying valency. In most cases, it is true, the 
valency changes by even numbers, but not always. 

During the electrolysis of a compound, for instance water, 
electrical work is done in overcoming all the forces which hold 
the constituent parts of the molecules together. It is very 
easy to calculate this work ; it is the product of the quantity 
of electricity necessary for the decomposition and of the electro- 
motive force. If the quantity of electricity is measured in 
coulombs, and the electromotive force in volts, we get the work 
expressed in joules (1 joule = 0*24 calorie). 

Now, according to Faraday's law, for the electrolysis of one 
gram-equivalent of a compound, the same quantity of electricity, 
namely 96,500 coulombs, is always necessary. Therefore, if 
we call the electromotive force used in the decomposition e, the 
work done in electrolysing a gram-equivalent is — 

A = 96,500c joules = 23,070c calories 

This work necessary for the decomposition is proportional 
to the electromotive force, and therefore this magnitude may be 
regarded as a measure of the affinity holding the molecules 
together. The study of electromotive forces is responsible to a 
great extent for clearing up our ideas of chemical affinity, and 
it has also shown that this magnitude is not proportional to 
the heat developed in the formation of molecules from their 
components. For instance, the electromotive force necessary 
to decompose water, using palladium electrodes, which absorb 
the decomposition products H2 and O2, is found to be about 
I'l volt. The work done in electrolysing one gram-equivalent 
is therefore 11 x 23,370 = 25,377 calories. The heat of com- 
bustion of one gram-equivalent of hydrogen (1 gram) is 34,200 
calories, totally different from the work done in overcoming the 
affinities. 

The forces holding together the molecules may be of 
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different kinds. Berzelius, Davy, and Faraday were of the 
opinion that the chief force is the attraction between the 
electric charges on the atoms, and this Helmholtz showed to be 
very probable by the following considerations : 1 coulomb is 
equal to 3 X 10® electrostatic units. The charge on one gram 
of hydrogen is 96,500 coulombs = 28,950 x 10^® electrostatic 
units. 

The electrostatic unit of electricity is so defined that two 
email particles, both charged with such a unit of positive 
electricity, repel each other with a force of 1 dyne, if they are 
1 cm. distant from each other. If the one of them were 
positively, the other negatively, charged with this unit charge, 
they would attract each other with a force of 1 dyne. This 
attraction is inversely proportional to the square of their 
distance apart, so that two such particles placed at a distance of 
1 km. (= 10^ cm.) would attract each other with a force of 
10 ^® dynes, or, since a dyne is equal to 1*02 X 10"^ kgm., with 
a force of 102 x 10"^* kgm. weight. Further, the attraction is 
proportional to the charges on both the particles, so that if 
these were charged with the quantity of electricity carried by one 
gram of hydrogen, their attraction at a kilometer distance would 
be 28,950 x lO^^ x 28,950 x lO^^ ^ 1-02 X lO'^^ = 8-54 x 10" 
kgm. 

We may compare this attraction with that exerted by 
gravitation. The gravitation-constant is 6*67 X 10"®; in other 
words, two masses each of 1 grm. attract each other with a 
force of 667 X 10'® dynes, if they are placed at a distance of 1 cm. 
from each other. From this we may easily calculate that two 
similar masses which, placed 1 km. apart, attract each other 
with the force of 8*54 X 10^^ kgm. would each have a mass of 
1-12 X 10^® grm. = 1-12 X lO^** kgm. As the mass of the earth 
is 5*985 X 10^ kgm., the mass of these attracting bodies would 
be 5*34 X 10® times less than that of the earth ; i.e. if they were 
made of the same material as the earth (sp. gr. 5*52) their 
radii would be 1750 times less than that of the earth, that is, 
3*65 km. From this it is apparent how much greater are the 
electrical attractions between the atoms than the gravitational 
forces. 

We may now make a calculation of the energy necessary to 
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tear asunder the atoms of a molecule^ for instance, a molecule 

of water. One gram of hydrogen at 0° C. and 76 cm. pressure 

occupies 11,200 c.c, and the number of gas-molecules in 1 o.c. 

at 0° C. and 76 cm. pressure is calculated to be about 21 x 10". 

Therefore 1 grm. of hydrogen contains 11,200 X 21 x 10^® = 

2356 X 10^ molecules, and double the number of atoms. The 

28950 X 10^® 
charge on one atom of hydrogen is therefore ^ — ^^^^ ,^^ 

= 614 X 10"^® electrostatic units, and the charge on one atom of 
oxygen is double this. The work done when two small spheres, 
an infinite distance apart, and each charged with one electrostatic 
unit, are brought to a distance r cm. from each other, is equal 

to - erg = TTB~r7-T7^ft calories. Hence, if the one atom of 

r ° 418 X 10® X r 

oxygen and two atoms of hydrogen are brought from an infinite 
distance apart to a distance of one hundred millionth of a 
centimetre from each other (about the molecular distance in 
solids and liquids), the work done corresponds to — 

(12-28 X 10-10 X 12-28 x lO-^o - 6-14 x IQ-^o x 6-14 x lO-^o) , , 5^^, ^ cal. 

= 0-27 X 10-1' cal. 

The first term is due to the attraction of the charge on the atom 
of oxygen upon the charges on both the hydrogen atoms, and the 
second term to the mutual repulsion of the charges on the two 
hydrogen atoms. Now, 1 grm. of hydrogen contains 2356 x 10^ 
molecules, and 9 grms. of water consist of just as many atoms 
of oxygen and double the number of atoms of hydrogen. The 
electrical work is therefore 2356 X lO** x 0*27 X 10" = 636120 
calories. 

This energy represents that necessary for the decomposition of 
a molecule of water into its constituent atoms, if these are held 
together only by electrical forces. It is 186 times as great as 
the heat developed (34,200 cals.) by the formation of 9 grms. 
of water from hydrogen and oxygen in the gaseous state. But 
there is a great difference between these two magnitudes. The 
decomposition of two molecules of water may be considered to 
take place in two stages : (1) separation of the two water- 
molecules into two molecules of hydrogen and one molecule of 
oxygen; and (2) the decomposition of these hydrogen and 
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oxygen molecules into their respective atoms. It is veiy 
reasonable to suppose that the latter work is 17'6 times as 
great as the former. We conclude, therefore, that the electrical 
forces holding together atoms in molecules are of such a 
magnitude tliat we need not look for other forces for this 
purpose, and it is also probable that these electrical forces are 
the only, or at least the chief, forces which bind the atoms 
together. 

Tliis conclusion, which was stated by Helmholtz in his 
Faraday Lecture, is strongly supported by the calculations of 
Richarz* and Ebert,^ which are based on the heats of dis- 
sociation of nitrogen peroxide (N2O4), iodine, and hydrogen. The 
calculations are similar to those given above. 

The mistake made by Berzelius consisted in supposing that 
the forces with which a valency acts are dependent only on 
the magnitude of the electric charge. According to the law of 
Faraday, the electrical quantities for each unit of valency are 
always the same, but, nevertheless, the combining force may be 
of a very different strength, depending on the distance apart of 
the electric charges. The work necessary to decompose such a 
combination is twice as great if the charges lie half the distance 
apart as when they are separated by the unit distance. 

We have already seen how the work necessary for splitting 
up a compound, in this case water, can be calculated from the 
electromotive force required to decompose it. One must thereby 
take care that the process is reversible, i.e. that the same 
amount of work can be obtained again if the process is carried 
out in the reverse direction. For example, in the decomposition 
of water (with addition of acid or alkali) betweeij platinum 
electrodes, Leblanc ^ found that an electromotive force of about 
1'67 volts was necessary, i.e. about one and a half times as 
great as that given above for the decomposition between 
palladium electrodes. As a matter of fact, the decomposition 
between platinum electrodes is not reversible. However, 
another fact could be deduced from Leblanc's experiment, 

1 Ricliarz, Sitzungsher, d, Munchner Akad, d. Wise,, 18^4, 24, 1. 

2 Ebert, Ann. Fhysik, u. Chem. (3), 1895, 56, 255; (4), 1903, 12, 714. 
Cf. also Becker, Ann, Physik. (4), 1905, 17, 8. 

3 Leblanc, Zeit physikah Chem.j 1891, 8, 299 ; 1892, 12, 333. 



r^ 

ELECTRICAL FORCES HETU'EE.X THE ATOMS 65 

namely, i]iat the work necessary for the decomiKwitiou of water 
is indej)ciident of the nature of the added acid or base. It is 
thei-eby taken for granted that actually oxygen and hydrogen 
are deposited at the electrodes, which would not be the case, for 
instance, if the acid added were a halogen hydride. 

The work necessary for the decomposition of a chemical 
compound very nearly corresponds to the old hut less precise 
idea of affinity. By determining electromotive forces we are 
able to measure the affinities which are exerted in many 
chemical processes. For example, we can determine the 
affinity which comes into play when an acid, eg. UNOa, is 
neutralized by a base, e.g. KOH. We build up a galvanic cell 
which is composed of the following parts :— 

PdH I OHK I NO3K I NOaH ] HW. 

If a current is passed in the direction indicated by the arrow, 
i.e. from the palladium foil charged with hydrogen through the 
solutions of caustic ijotash, saltpetre, and nitric acid to the 
second piece of palladium foil charged with hydrogen, the com- 
position after the passage of 96,500 coulombs is the following : — 

Pd I HOH I KNOb I KNOb I HHPd. 

During the process, therefore, a gram-molecule each of 
KOH and HNOg is changed into HaO and KNO3. (In the 
migration of hydrogen from left to right, no work is done.) The 
electromotive force of this element is 0'675 volt, and the work 
done, expressed in calories, is therefore 23,070 X 0-675 =15,570 
cal. The observed evolution of hoat in this process is 
somewhat less, namely, 13,550 cal. 

In a similar manner the affinity can be determined, in con- 
sequence of which a difBcultly soluble salt is precipitatetl out on 
mixing the solutions of two easily soluble salts, e.g. AgCl from 
a mixture of AgNOa and NaCl. A galvanic cell of the following 
composition is made up : — 

AgAg I ClNa I N&a | NOaAg [ Ag 
When the current passes in the direction of the arrow, the 
combination becomes — 

Ag I AgCl I NaNOa 1 NaNOa | AgAg 
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i.c, a change from NaCl and AgNOa ^^ AgCl and NaNOj 
has taken place. 

The most important interaction, the affinity of which can be 
measured in tliis way, is that which takes place when one 
metal replaces another from one of its salts, e.ff. in the inter- 
action between zinc and copper sulphate. This process takes 
place in a Daniell cell — 

ZnZn I SO^Zn | SO4CU | Cu = Zn | ZnS04 | ZnS04 | CuCu. 

The electromotive force of this combination is about I'l volt, 
corresponding to 25,380 cal. This affinity corresponds 
very nearly to the heat evolved, 25,065 cal., when 1 gram- 
equivalent of zinc (32*7 grms. = ^ gram-atom) replaces copper 
from dilute solution. Now since, according to the views of 
thermochemists, the evolution of heat in a chemical process is a 
measure of the affinity, one can easily understand that the 
leading thermochemists, Berthelot and Thomson, have made 
use of this and similar measurements ^ in support of their view, 
which was put forward earlier by Helmholtz and Lord Kelvin 
(Wm. Thomson). 

There are, however, a large number of cases in which the 
agreement mentioned does not exist, as we have seen above 
in the case of the decomposition of water. Helmholtz^ has 
deduced the following formula by means of the second law of 
thermodynamics : — 

23,0706^e 23,070e - W 
dT "" T 

where e represents the electromotive force of the combination, 

T the absolute temperature, and W the heat evolved in the 

chemical transformation of one gram-equivalent. This formula 

has been verified in a large number of cases. 

de . 
If -j^, i.e. the increase in the electromotive force (or in the 

affinity) for one degree Centigrade, is zero, the proposition of the 
thermochemists (the so-called Thomson's rule) is valid. As a 

1 Jul. Thomsen, Ann, Physik. w. Chem. (3), 1880, 11, 246. 
a Helmholtz, Sitz^-Ber. d. Berl AL, 1882. 
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alter of fact, tliis is very nearly tho case iu the DauiuU coll, 
iud in some similar combinations invoatigated by Thomson. 

An investigation by Helmholtz ' on tho electromutivo force 
of the so-called conceutratiuii cells has playod a very important 
part. In these cells two solutions of the same salt, but of 
difierent conceutrationa, are in contact with each other and 
with the metal contained in the salt. Such a cell is, for 
example, the combination — 

Cu I cone. CnSOi*f dil. CuSO* [ Cu. 

When the circuit of this cell is closed, the cm^rcnt flows in 
the direction of the arrow. Copper goes into solution ou the 
right side, and is deposited on tho left, the concentrated solution 
thus becoming diluted, and the dilute solution concentrated. 
The same result may be obtained by allowing water to evaporate 
(with the vapour pressure P) from the dilute solution, and be 
condensed in the concentrated solution (vapour pressure 2^)- 
The work done per gram-molecule of water (18 gms.) distilled 
over is — 

A = 1-991 log. - 

There are two methods of calculating the work done in the 
transference of the water : firstly, by measuring the electro- 
motive force of the concentration cell ; secondly, by measuring 
the vapour pressure of the solutions in question. Obviously, it 
is possible to find the relation between these magnitudes in this 
way, which relation Helmholtz has indeed deduced. Nernst,"^ 
Planck,^ and others have since done important work on this 
particular subject. 

There are a large number of so-called molecular compounds 
in which chemical substances are combined with so-called water 
of crystallization, alcohol or ether of ciystaliization, or with 
ammonia or organic bases, etc. In these cases the substance 
added on, e.(f. water, alcohol, etc., can be driven out of the com- 
pound by evaporation. The vapoiy pressure (p) during this 

' Helmholtz, Ann. Phyiik. u. Okein. (3), 1878, 8, 201. 

» Nernat, Zeit. phyiikai. Ghem., 1888, 2, 613 ; 1889, 4, 129. 

s Planck., Ann. rhyiik. u. Ohem. (3), 1890, 40, 5131. 
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process can be measured, and from a knowledge of the vapour 
pressure (P) of pure water, alcohol, etc., it is possible, by means 
of the above formula, to measure the work done, i.e. the aflSnity 
exerted, in the formation of the compound. This work is often 
called the " free energy," a term due to Helmholtz. 

Considering further the question of water of crystallization, 
it is well known that many substances can add on different 
quantities of water. The stability of the resulting compounds, 
which can be measured by the pressure of the water vapour, 
varies. For instance, the various compounds of copper sulphate 
containing water of crystallization have, according to Pareau,^ 
the following pressures of aqueous vapour at 50° C. : — 

CUSO4 + IH2O CUSO4 + 3H2O CUSO4 + 5H2O 
4*4 mm. 30 mm. 47 mm. 

(pure water) 
91 mm. 

The heat evolved by the addition of the different molecules 
of water also varies, as Thomson's measurements show. Thus 
in the case of sodium phosphate, NagHPOi + I2H2O, the heat 
evolved by the addition of the first two H2O molecules to 
the anhydrous salt is 3010 cal. per molecule, and by the 
remaining ten molecules 2240 cal. per molecule. In the 
case of sodium carbonate, Na^COa + IOH2O, the addition of 
the first molecule of water causes a heat evolution of 3390 
cal., whereas for each of the following seven molecules the 
evolution is only 2120 cal., and for each of the last two 
molecules 1700 cal. From Pareau's ^ results, the work which 
may be obtained by changing one gram-molecule (18 grms.) 
of water (vapour pressure P) into water of crystallization 
at the absolute temperature T (vapour pressure p) can be 
calculated. This work, which is equal to the difference between 
the free energy of the water and that of the water of crystalliza- 
tion, is much less than the heat evolved (W) at the same time, 
as the figures given below (Thomson ^) show. As can readily be 
seen, this heat is equal to the difference between the heats of 
solution of CUSO4 + nH20 and CUSO4 + (7t + 1)H20. 

1 Pareau, Ann, Physih. u. Ohem. (3), 1877, 1, 39. 

2 Thomsen, J. jn-. Ohem. (2), 1878, 18, 1. 
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Salt. 


Heat of Bolntion. 


Heat evolved on 

the addition uf 

1 mol. H,0. 


Work done on 

the addition of 

1 mol. 11,0. 


(JuSOi . 


15,800 caL 






CUSO4 + H2O . 


9,330 „ 


6470 cal. 


1940 cal. 


CuSO4 + 2Ha0 . 


6,160 „ 


3170 „ 


710 „ 


CuSO4 + 3Ha0 . 


2,810 „ 


3350 „ 


710 „ 


CUSO4 + 4H2O . 


630 „ 


2180 „ 


423 „ 


CUSO4 + 5H2O . 


-2.750 „ 


3380 ,. 


423 „ 



This case is a good example for showing that the work done 
in a chemical process cannot be put equal to the heat evolved. 
This latter view was maintained for a long time by thermo- 
chemists. The predictions which they made by the use of this 
rule on the stability (strength) of different compounds, and thence 
on the course of chemical reactions, are only true at the absolute 
zero, as van't Hoff has shown.^ The ordinary temperature of 
the earth may be considered as relatively close to that of the 
absolute zero, and therefore these predictions are correct in 
many cases. 

An example from physics, which illustrates the importance 
of the free energy, is the change of water into ice. At 0° C. 
the vapour pressures of ice and water are equal (4*6 mm.), i.e, 
there is equilibrium, and A becomes zero. W, however, is equal 
to the latent heat of liquefaction, 18 X 79*7 = 1435 cal. At 
-10° C, P = 2197 and p = 1-997; therefore A = 497 cal., 
while W = 18 X 75 = 1350 cal. 

In a similar way one can recalculate the results of Isambert ^ 
for the vapour pressures of the compounds 2AgCl + 6NH3 
(801 mm. at 21° C.) and 2AgCl + 3NH3 (95 mm. at 21° C), 
since the pressure of saturated ammonia vapour at this tempera- 
ture is found, from the results of Kegnault, to be 6589 mm. 
The work which may then be obtained by the addition of 
a molecule of NHg is calculated to be 2470 cal. for each of 

^ If T = is substituted in the equation on p. 66, then W = 23,0706, i.e. 
the evolution of heat is a measure of (proportional to) the affinity at T = 0. 
2 Compare Wurtz, " Dictionnaire de Chimie,*' tome 1, p. 1178. 
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the first three molecules of NH3, and 1227 cal. for each of the 
three last. Tliese values are of the same order as those calculated 
above. 

In recent times Horstmann ^ and Jarry ^ have carried out 
investigations on these compounds* According to the latter, the 
vapour pressures of the two ammonia compounds at 0° C. are 
262 and 12 mm. respectively (the vapour pressure of pure 
ammonia at the same temperature is 3185 mm.), and at 
21° C. 927 and 53*4 mm. respectively (and 6516 mm.).. From 
this the work is calculated to be 1357 jmd 3032 cal. respectively 
at 0° C, and 1147 and 2818 cal. respectively at 21° C. It is 
very characteristic that the work (afl&nity) decreases with in- 
creasing temperature. At a high enough temperature (the 
so-called transition point) the affinities in question would become 
zero, i.e. the compound would no longer be able to exist ; the 
compound richer in ammonia would first become unstable, and 
then the one poorer in ammonia. 

As we shall see later, solubility corresponds to vapour 
pressure in many points, and can also be used for measurements 
of affinity.^ 

The chemical properties of hydrated salts can be approximately 
represented as the sum of the properties of the two components, 
e.g, of the anhydrous salt and of the added water. As is well 
known, however, it is characteristic of chemical compounds that 
the properties of the components have almost completely dis- 
appeared. One, therefore, readily assumes that in salts containing 
water of crystallization the components of the water-molecules 
have not been transposed, but remain unchanged, and in the 
same position as they did in the water before it combined with 
the salt. The same holds true for the salt. The difficulty then 
occurs, however, of finding places at which the many molecules 
of water can be added on according to the rules of valency, 
e.g. the twelve H2O to Na^HPO^. The idea that such com- 
pounds were held together by valencies was therefore given up 
altogether, and they were called molecular compounds. To 
these molecular compounds were also added those which could 

1 Horstmann, J5cr., 1876, 9, 749. 

2 Jarry, Ann. Chim. Fhys. (7), 1899, 17, 327. 

3 Compare Frowein, Zeit. physikal. CJiem., 1887, 1, 5. 
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not be represented by a simple formula, using the ordinary 
valencies. Such were many double salts, especially those 
with monovalent negative ions, as double nitrates, double 
chlorides, etc. 

The investigations of Hittorf on the migration of ions never- 
theless showed that in many cases the so-called molecular 
compounds behaved on electrolysis as if they were composed of 
two ions, the one consisting of hydrogen, or of the most positive 
metal of the compound, and the other of the remainder of the 
compound. He investigated, for example, the following com- 
pounds which were at that time considered to be molecular 

compounds : KCN -h AgCN, PtCU -h 2NaCl, AuClg + KCl, 

+ - + — 

and showed that their ions are : K and Ag(CN)2, 2Na and PtCle, 
+ - 

K and AuC]4. Obviously, in these three ions the negative ions 

of the alkali salt used have combined with the molecules of the 
compound of the noble metal, and consequently one can assume 
that this is also the case in the undissociated double salts. It 
was altogether contrary to the ideas which prevailed at that 
time (1854) that such a mild chemical process as solution in 
water at low temperature should tear asunder the atoms of the 
alkali salt entering into the composition of the double com- 
pound. The doctrine of valency did not at that time offer any 
explanation of the composition of complex ions. 



CHAPTEE VII 

THE DEVELOPMENT OF THE DOCTRINE OF 

VALENCY 

As old as is the observation that two different substances com- 
bine with each other, i.e. become a new and definite substance, 
losing at the same time their most striking physical properties, 
just so old is the symbolic i-epresentation of the union by joining 
together two symbols. In olden times the symbols of the 
metals were identical with the signs used for the planets. It 
was gradually recognized that not only one, but often two or 
more new compounds could result from the union of two sub- 
stances. In some such cases Proust proved that the different 
products of combination differed from each other in the relative 
quantities of their components, and that each one was charac- 
terized by a definite ratio of the weights of the components. 
He recognized such an invariable composition as the sign of a 
definite chemical compound (Proust's law of constant propor- 
tions). Dalton extended Proust's law by the discovery of 
multiple proportions. In order to represent it he made use 
of symbols, which correspond to the formulae of the present 
day ; his symbols for the elements corresponded to the old 
alchemistical ones, however, whilst we are indebted to Berzelius 
for the present convenient ones, which make use of the letters 
of the alphabet. In Gay Lussac's discovery of the law of 
simple volumes in which gases combine with each other, 
Berzelius saw a further reason for the formulation of chemical 
compounds according to Dalton's method (cf. chap. II.). 

This, as we can say to-day, wholly correct method of repre- 
senting chemical compounds was again given up immediately 
after, because pure empiricism was unduly emphasized, to the 
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ueglect of theoretical methods of considentton. IwtiOtA of tlio 
atomic weights, the so-called oquivalenl wing>iU wrro used, and 
one came hack to iho standpoint of Proust and Itiditer. vitboul 
paying any attention to the later developments of the Uwoiy of 
chemical compounds. In order to represent the compounda of 
two elements, their symbols were simply written side hy aide, 
and if several were known, containing the elements in diSereot 
proportions, different symbols for the same element were uned. 
Thus the two compounds of iron and chlorine, ferrous and ferric 
chlorides, were written feCl and FeCl. It is rather remarkahle 
that even at the present day, especially in French works, remains 
of this method of representation are found. 

With the rapid development of organic chemistry it soon 
became impossible to be satisfied with this method of represen- 
tation. The hypothesis of Avc^adro, which had been either 
neglected for a long time or else foi^tten, was found to lie 
very useful for obtaining a summary of known facts. The 
use of this liypothesis led to consequences such as. for ex- 
ample, that an atom of oxygen is linked to two atoms of 
hydrogen in a molecule of water. An atom of oxygen is thns 
able to bind two atoms of hydrogen, or, according to the 
nsnal metho<l of expression, in water an atom of oxygen is 
equivalent to two atoms of hydrogen. In order to represent 
tide, if was assumed that each atom of oxygen possesses two 
places of linkage or valencies, while hydrogen has only one. 
Now, hydrogen and oxygen occur together with carbon in very 
many organic compounds ; many of tfiem are volatile, and 
their molecular weight can he determined by means of Avoga- 
dro's hypothesis, Kekule succeeded in representing all these 
compounds by means of formulse in which carbon was given 
four, oxygen two, and hydrogen only one valency ; i.e. carbon 
ia said to be tetravalent, and so on. He was further successful 
in representing the compounds of other elements with carbon, 
oxygen, and hydrogen by formulie, in which each element 
possessed a definite valency, and which were never in dis- 
agreement with the vapour-density determinations. This 
doctrine of constant valency, especially of the tetravalency ni 
carbon, proved extraordinarily fruitful in the development of 
oi^nic chemistry, and was therefore applietl to inorganic 
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chiMiiistry. We now know that it is no longer tenable, but it 
is iiistrurtive to see how long it was retained by the help of 
siKJcial hyiH»thescH, which were put forward as a matter of ex-* 
I^erionoo, without, unfortunately, any attempt being made to 
prove th<»m. The endeavour to fit the formulae of chemical 
coiuj)oun(l8 into the scheme of Kekule's valency numbers re- 
sulted in a " formulas painting " (to use Kolbe's expression) 
which is now often amusing to us, but at that time was praised 
as an important theoretical development. 

One of the first (lifficulties was the behaviour of carbon 
monoxide, which, according to the accepted atomic weights and 
AN'ogadro's hypothesis, possessed the formula CO. If C possesses 
four, and only two ^'alencies, two valencies of C must remain 
" unsaturated." This could be represented by imagining that 
the two valencies combined with each other. If one assumes 
that the valencies depend on electric charges, and if, with 
Berzelius, oxygen is considered to be negatively charged, then 
oxygen has two negative elementary charges, which are bound 
by two ix)sitive elementary charges situated on the carbon 
atom. Tliere are two more elementary charges on the carbon 
atom, the one positive and the other negative, which neutraUze 
each other. We have mentioned above the view of Helmholtz, 
that compounds with an even number of unsaturated valencies, 
just as many positive as negative, possess elementary charges 
which mutually bind each other. 

Since the same carbon atom carries both a positive and a 
negative elementary charge, they must be localized at different 
places on the atom and insulated from each other. According to 
this view, therefore, the valencies must be fixed to definite points 
on the atom, and the other atoms or atomic complexes, which 
are held fast by means of the valency charges, must be oriented 
in a definite manner round the central atom to which they are 
fixed. The doctrine of the orientation of atoms in space, i,t, of 
stereochemistry, has proved fruitful in many directions. It 
owed its origin to the attempts of van't Hoff ^ and Le Bel* to 
explain optical isomerism. This deals with compounds which 

^ Van't Iloff, "Voorstel tot uitbreiding der stnictuur-formules in de 
Riiimte,'' Sept., 1874. Cf. Van't Hoff, " Chemistry in Space." 
2 Le Bel, BuU, Soc, Chim, Paris, Nov., 1874. 
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have the same compositinn and are alike in every other property, 
"itii the exception of the effect they have on the rotation of the 
iine of polarization of light.' They possoss uuinerically equal 
rotations, but of opposite sign. It is assmued tliat the two IxMlies 
can only differ from each other in the sense that the molecule 
of the one is so hnilt up that it forms the mirror image of the 
other ; the two molecules stand in the same relation to each 
other as do the right and left liands. In explanation of this, it 
lupposed that the four valencies of carlwo are oriented with 
respect to each other like the comers of a r^ular tetrahedron, 
this being at the same time the simplest arrangement of four 
points in space. Four different atoms, A, B, C, and D, situated 
at the corners of such a regular tetrahedron, can group them- 
selves in two different cou6gurationa, 
aB shown in the opposite figure (Fig. 
9). (Tlie edges represented by the 
ilotted lines are supposed to lie to- 
wards the back.) The order of B, C, Fio. !>.— Model of the asym- 

,. . 1 • 1 n. : metric cutbriD atom. 

D, as seen from A, is left to 

right Q" , i.e.. in the same sense as the movement of the hands 
, watch, in the one case, and from right to left \j}- in the 
other. It is easy to see that the two tetrahedra become con- 
gruent when A and B are the same ; one only needs to tui'n the 
figure on the right so that what was originally B comes to the 
top. Hence it follows that isomerism can only occur when 
the four valencies of the carbon atom are joined to four different 
atoms or atomic complexes. Van't Hoff lias 
tested this conclusion in a large number of 
cases, and always found it \erified. 

If two valencies of the one carbon atom 
are connected with two valencies of another 
carbon atom, as is the case in the so-called 
ethylene compounds, a configuration similar 
to that shown in Fig. 10 results. The two 
valency positions A and Ai are very close to 
each other, as also are the two valency positions B and Bi. 
The other four, and the atoms C, D, E, and F which are 

' The absorption of circularly polarized light may also be (iilTerent Tor Hir 
Iffo iaomers (Cotton, Ann. •■Mm. I'hys. (7), 189G, 8, 373). 
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Abcgg.* All return to an idea of Berzelius, which in a certam 
sense formed the basis of his dualistic system. BerzeUus' 
scheme, expressed in modern symbols, is as follows: Under 
the influence of electric charges, potassium and oxygen com- 
bine to form K2O, and similarly sulphur and oxygen combine, 
forming SOa. When K2O and SOs are brought together the 
two molecules unite, because of a residual positive charge on 
the K2O and a residual negative charge on the SOs. In sup- 
port of this view, Berzelius mentioned that in the electrolysis 
of potassium sulphate, caustic potash (K2O, according to Berze- 
lius) appeared at the negative pole, and sulphuric acid (SOs, 
according to Berzelius) at the positive pole. This compound, 
KgO.SOs, can further combine with a similar compound, 
AI2O3.3SO3, whereby ordinary potassium alum results. Berze- 
lius therefore assumed that the original valencies (electric 
charges) of the elementary atoms had mutually combined with 
each other in the so-called binary compounds (oxides), but 
that still weaker residual valencies (residual charges) remained 
over, which imited the binary compounds to ternary, e.g, to 
salts. Two salts can again be linked together by means of 
residual affinities, forming double salts. This conception was 
founded on the wide chemical experience which Berzelius 
possessed. It is very interesting to notice that the empirical 
material which has hitherto accumulated forces one, at the 
present time, to a conception which is in the main points 
identical with that of Berzelius. The conceptions of Berzelius 
of original and residual charges correspond to the present-day 
conceptions of principal and subsidiary valencies (Werner), or 
of normal and contra- valencies (Abegg). 

Berzelius' idea that K2O and SO3 are respectively 
positively and negatively charged was disproved by Daniell, 
who showed that copper sulphate is split up into copper and 
SO4, the latter being evolved at the positive pole, where it 
acts secondarily on the water, with the formation of sulphuric 
acid and oxygen. In exactly the same way potassium sul- 
phate is split up into potassium and SO4, which react 
secondarily with the water, forming caustic potash and hydrogen 

1 Abegg, Christania Vidensk, Sdsk. Skrifter math,-naturv, Kl,, No. 12, 
1902 ; Abegg and Bodlander, Zeit anorg. Chem., 1899, 20, 496. 
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at the negative pole, and sulphuric acid and oxygen at 
the positive. To-day there can be no douht but that Daniell's 
conception ia the correct one. On thia account Werner 
assumes that the subsidiary valencies do not possess electric 
charges. "Principal valencies," says he, "join tt^ther the 
simple or composite radicles which are able to occur as in- 
dependent ions, or whose power of chemical combination ia 
equivalent to that of the ionizable radicles." Other valencies 
are subsidiary valencies. On the other hand, Abegg assumes 
that the " contra-valencies " are characterized by the possession 
of charges opposite in sign to those of the normal valencies. 
Each atom is supposed to possess eight valencies altogether. 
One cannot understand how these assumptions do away with 
the difficulties of Berzelius' theory. On the other hand, it 
must be conceded that Abegg is right in assuming that such an 
essential difference between principal and subsidiary valencies 
could scarcely exist, as would be the case if the one were causeil 
by electrical forces, and the other were quite independent of 
such forces. Firstly, in many cases it is difficult to say whether 
principal or subsidiary valencies are being exerted, no general 
characteristic being known which allows of a definite decision; 
only in the case of the metallic elements, the halogens, and 
of analogous atomic complexes such as ammonium and cyano- 
gen, does the ionized condition form a sure criterion. Secondly, 
the compounds formed by means of the subsidiary valencies 
conform to Dalton's law of multiple proportions, and this points 
to forces which must act analogously to electrical ones. 

In order, if possible, to find a way out of these difficulties, 
we will consider the linking between hydrogen chloride and 
ammonia, which, according to the old ideas, is brought about 
by principal valencies, but, according to Werner, depends on 
subsidiary valencies. The evolution of heat ou combination is 
no less than 41,800 cal,, NHg and HCl being in the gaseous 
condition, and NH^Cl in the solid state. On being vaporized, 
this compound partially decomposes into its two components, 
and this has given support to the idea that it ia a molecular 
compound. In aqueous solution NH4CI dissociates electro- 
lytically into NHj with a positive charge, and CI with a nega- 
tive charge. Two views have been put forward with respect to 
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oiher •jryL.'d ii*er*&e^ -eipeei ihai ihe sabetitntion of hydrogen in 
XH/.l \rr 4 mcaoTAlent nd5ele B— CH* CaH^, C«H& etc.— wonld 
re^mlt in tv<o isoT&ene sab^ntadon pvodocts, corresponding to 
the {fjrmnhh NHilLHCl and NH3.BCL Since sach isomerism 
in not known, we most conclude that the fonr H-atoms in the 
ifm XH| are similarly linked to the X-atom. Werner endea- 
vours Uf support his formula by the following argument : HCl 
is strongly dissociated, H^O hardly at all, and these properties 
are retained when ammonia is added, forming ammonium 
clilriride, NHsHCl, and ammonium hydroxide, NHsHaO, respec- 
tively, lie, however, does not take into account the fact that 
the dissociation constant of ammonia (23 x 10'^) is more than 
1 0" times that of water at 25°. The inadequacy of Werner's 
theory is also shown by the fact that if hydrochloric acid is 
roplaccwl by a weak acid, e.g, acetic acid, the degree of dis- 
Hociation of the weak acid is very much increased by neutraliza- 
tion with NHfl. Indeed, a substance like tetramethylammonium 
hydroxide, (()Ho)4NOH, is one of the strongest bases, and its 
(ioRr<M) of dissociation is similar to that of the salts, although, 
an(M>nlfng to Wornor, it must be considered as an additipn pro- 
duct of trimothylamine (K = 74 x 10"*) and methyl alcohol, 
\\\m\\ i8 probably loss dissociated than water. (In passing, it 
uuvy bo uotiood that a similar conclusion of Werner's is not 
woU ft^uuilod, noconlin^ to which tetrahydroxylamine platinum 
hytl)i^t<> lHv»aiv»aos aditVeront constitution from the corresponding 
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chloride (H0H2N')iPtC]a, because the one is only very sliglitly 
dissociated, mucli leea ao than an alk/ili hydroxide, while the 
other ia strongly dissociated. One could conclude in an 
analogous manner that every weak acid, e.g. acetic acid, liaa 
an essentially different constitution from its salts, i,e. tliat tlie 
relative position of the atoms is diflerent.) 

We cannot, therefore,. assume otherwise than that in the 
ammonium ion, as it exists in aqueous solution, four positive 
hydrogen ions, occupying similar positions, are linked liy four 
negative valencies of the nitrogen, which also poases.ses a posi- 
tive ionic charge. Now, there are numerous indications that the 
valencies exist before any compound is formeil. I have found, 
for example, that in the Bunsen flame undisaociated molecules 
of sodium hydrate emit just as strong a light as those which 
have dissociated into sodium anil hydroxy]. One assumes that 
the luminosity is due to the vibrations of the charges, and con- 
sequently that the sodium in the glowing sodium hydroxide is 
electrically charged. If, therefore, we take away a positively 
charged hydrogen atom from the ammonium ion, electrically 
neutral ammonia witli a negative and a positive elementary 
chaise, whicli are placed at different positions on the nitrogen 
atom, probably results. 

Suppose we bring a hydrogen chloride molecule from an 
infinite distance into the neighbourhood of the ammonia mole- 
cule. According to the prevailing ideas, the former molecule 
possesses a positive charge on the H atom and a negative one 
on the CI atom, and these charges, together witli the atoms 
on which they are, will so arrange themselves that the CI 
will come close to the positive valency, and the H to the 
n^ative. The strength of this linking may be of the same 
order as that between a positive and a negative valency, corre- 
sponding to the " principal valency "-linking. We will assume 
that the two chai^ges in the NHg and HCl are at an eq\ial 
' distance from each other, and that the molecules approacli each 
other so that the median plane t between the two charges on 
H and 01, and the plane of symmetry {', which lies between the 
two chaises on the NHg, coincide with each other. We then 
obtain the following values for the potential energy P, taking 
fts our unit the potential energy of two elementary chaises the 
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same distance apart. We denote the distance apart of the two % 
charges on H and CI, as also of the charges on NHg, by tJ, 
distance of the doable charges from each other being e. 



CI- t + 

• N 



E 



'^ 



H + 



e 



\t 


P. 


d' 




100 


OOIO 


5-0 


0-038 


30 


0103 


20 


0-211 


10 


0-586 


0-5 


1-106 


0-3 


1-425 


0-2 


1-612 


0-1 


1-801 


005 


1-900 



Fio. 11. 

As may be seen from the table, the double linking, for so it 
may be conveniently designated, is much weaker than the single 
linking as long as the distance apart e of the two molecules (or 
really of their charges) is greater than the distance apart d of ' 
the two charges in the molecule. As the value of e approaches 
zero, the energy necessary for dissolving the double linking 
approximates more closely to twice the value necessary for 

dissolving the single linking. When ^ = 0*514, the two energies 

become equal. 

Now, it is natural to assume that the molecules cannot come 
nearer to each other than the distance between two valencies in 
the same atom. One can therefore comprehend why the double 
linking is generally much weaker than the single one. It is 
obvious that the double linking cannot be broken by means of 
external electrical forces, because in dissolving it just as much 
positive as negative electricity is transferred at one and the 
same time. The fall in potential can therefore cause no work 
to be done, from which it follows that the electrical driving 
force is zero. 

It is a peculiarity of electrical double linkings that the 
Unkings within the individual molecules remain completely 
undisturbed when the one molecule, e,g. HCl, links itself to Hoe 
other, e,g. NHs. (Secondary changes can occur, as, for example, 
the splitting oflf of ions.) One can therefore say that in these 
linkings, which correspond to molecular ones, the linked bodies 
remain unchanged, as, for example, salt and water in salts 
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containing water of crj'stalluaLiou. If oim cbargo is split off, m 
in XH|C1, the double linking will naturally bo (lixvolvod, and the 
one partial molecule (here H) comes into closer conucctiun with 
tlie second nuchaaged molecule (here NH,). If, on the other 
hand, no supplementary reaction take place, all tUu principal 
properties of the molecnles joined by a double linking ara 
retained, and one can consider them to still exist In tho com- 
pound. The double linking is thus distinguished from the 
single, e.g. from the linking of a K atom with an I atom. 

There are relatively few molecules which possess the 
property of coupling np with other similar molecules or atoms 
by means of double linkinga. Water is the cliief one, and 
therefore one must consider that oxygen possesses a double 
valency, with a positive and a negative charge, besides the two 
negative valencies. Eocently many investigators have felt 
tliemselves compelled to assume oxygen to be tetravalent, 
t.g. Baeyer and Villiger.^ The substitution products of water 
behave similarly to water itself; the alcohols, ethers, esters, 
oxygen acids and their salts, sugars, etc,, can be considered as 
inch. The addition of a large number of water molecules, as, 
for example, in the salts with water of crystallization, may be 
represented in such a manner, that a whole chain of oxygen 
itoms (in water) link up with each other by means of the 
iwo alternately positive and negative valencies which are in 
ixcesa, and at the end of the chain a double valency remains 
3ver and binds the salt.^ Such linkings must bo assumed to 
t)e present in aq^ueons vapour of high density, and piobably 
ilao in liquid water, in order to enable one to understand the 
existence of double and treble molecules, (HaO)j and (HjO),,. 
Similar double linkings couple together the molecules of the 
alcohols and of oi^anio acids, either when in the state of vapour 
or when dissolved in solvents other than water, to double 
molecules or still higher complexes. It must also be assumed 
that in some compounds sulphur and selenium possess double 
valencies similar to those of oxygen. 

' Baeyer and Viliiger, Bw., 1001, 34, 2679, 3612; 1002, 85, 1201. 

s lu order to avoid this auauniptioii, one may poaaibly suppoao that the 
sbatges of the principal valeocies of a salt molecule atlruct the correspouding 
jfau^ea of the water. 
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CHAPTER VIII 

COMPOSITION OF THE ATOMS. ELECTRO SS 

The study of electrical discharges through gases has led to the 
opinion that they are enabled to take place by the aid of so- 
called electrons, small particles which are not greater than the 
thousandth or two thousandth part of an atom of hydrogen, but 
carry the same electric charge as that atom, but of opposite 
sign. It is natural that an attempt has been made to explain 
matter as built up of these electrons. In this way tlie liypothesis 
of Prout has been, so to say, revived, with the difference that, 
instead of hydrogen atoms, these electrons — 1000 or 2000 times 
smaller than the hydrogen atoms — have been assumed as ultimate 
particles. 

This opinion has attained a certain degree of probability 
through the research of Lenard ^ on the absorption of so-called 
cathode rays by different materials. The cathode rays are 
nothing but electrons endowed with a high speed of motion, 
that sometimes approaches to the velocity of light (3 x 10^® cm. 
per second). Lenard made his experiments with a tube, AB (see 
Fig. 12), containing a high vacuum, in which he produced 

r 
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Fio. 12. — ^Kathode raj tube (Lenard). 

cathode rays by sending an electric current between the 
cylindrical anode a and the plane cathode K. The cathode 
rays were emitted perpendicularly to the plane end of K, and 

1 Lenard, Ann, Fhysik. u. Chem. (3), 1895, 56, 255; (4), 1903, 12, 714. 
Cf. also Becker, Ann. Physik, (4), 1905, 17, 8. 
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( „ 000018 - 0-0021 mm.) . 
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000149 

000116 

0-476 

3-42 

8-51 

3^10 

2,690 

7,810 

7,250 

7,150 

23,800 

32,200 

55,600 
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0^)00000368 

0-00000125 
01)0)0849 
000123 
0110271 

110 

1-30 
2-47 

2-80 

'2-70 

8-90 
10-5 
19-3 



44.MO 
333U 
5610 
27«) 
3110 

:M)10 

'A>70 
3100 
2590 
2650 
2670 
3070 
2860 
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The mean valae of 5 is 3200. From this hydrogen odIv is 

a noteworthj exception. The observed differences may dei>end 
upon the velocity of the cathode rays not being Iiigh enough. 
The absorption-coefficient alters considerably with tliis velocity, 
as is seen from the following table, in which Lenard has included 
the measurements of R. T. Strutt ^ on the /3-rays from radium, 
which are identical with cathode rays of a very high velocity, 
closely approximating to that of light : — 

ABSORPnON-COEFFICIEXT FOR CATHODE EaYS OF GaSES 

AT 1 MM. Pressure. 



Velocity of 
the cathode rays. 



11 X 108 
2-5 X 108 

4-3 X 108 

150 X 108 

300 X 108 

100-0 X 108 

3000 X 108 



cm. 

S6Ca 



Hydrogen. 



440 

14-6 
60 
1-2 
019 
000062 
00000006 



Atm. air. 



300 

270 

210 
3-9 
0-85 
0-0050 
0000009 



Argon. 



Carbon 
dioxitto. 



28-0 

260 
200 

4-2 

13 

000001 



340 

320 
280 

7-0 

2-0 

00067 

000001 



Strutt, Nature, 1900, 61, 539. 
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Hydrogen, which, at high velocities, shows the least absorp- 
tion for cathode rays — in agreement with its low density- 
behaves in the opposite way at low velocities of the cathode rays. 

The circumstance that a cathode ray may pass through 
leaves of metal up to 0*03 mm. thickness shows that the 
electrons may travel through thousands of molecules. There 
must, therefore, exist very great interstices between the electrons 
of which a metal molecule is built up. 

Now, by definition the absorption-coefl&cient is a measure of 
the sum of the cross-sections of all the obstructing particles in 
Ice. The circumstance that the absorption-coeflSicient increases 
very rapidly as the speed of the electrons decreases, is r^arded 
by Lenard as a consequence of the deviating effect of their electric 
charges on the paths of the electrons. The true cross-section of 
the electrons must be the lower limit to which the absorption- 
coefficient decreases, as the velocity of the impinging cathode 
rays approaches the velocity of light (a higher speed is 
theoretically impossible). Therefore the sum of the cross- 
sections of all the electrons in 1 c.c. of hydrogen gas at 1 mm. 
pressure must be less than 00000006 sq. cm. According to 
the kinetic theory of gases, the sum of the cross-sections of the 
hydrogen molecules in the same case is 13 sq. cm. If we now 
suppose that there are N hydrogen molecules in 1 c.c. gas at 1 
mm. pressure, the sum of their cross-sections is Q s NttK^ 
where E is the radius of the hydrogen molecule. Further, if 
every molecule of hydrogen contains 2000 electrons, each of 
radius r, the sum of their cross-sections must be j = 2000NTr^. 
Now, the ratio of j : Q is about 0000006 : 13, and is also 
equal to the ratio 2000r^ : E^. According to the kinetic theory 
of gases, R is about 0*2 x 10"^ cm. Consequently we have — 

2000^2 : (0-2 X lO-^)^ = 6 x 10-^ : 13 

from which we find r = 0*961 X 10"" cm., i.e. approximately 10*" 
cm. The volume of the electrons in a molecule of hydrogen is 
only a small fraction of the volume of the molecule itself, namely 

2000 X (10~")8 

-/Q. Q w iQ-7\8 " =2-5 X 10"", t.e. less than the billionth part. 

Hydrogen gas at 1 mm. pressure has the density 000000011 ; 
if it were condensed 200 milliou times, a substance of about the 
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density of platinum would be obtained. The volume of the 
electrons in a cube of 1 m. side (1,000,000 c.c.) of this sub- 
stance would be only about 20 c.c. The molecules of pktinam 
fill up about 0-4 of the space. 

We have supposed above that the molecular distance is 
about 10"^ cm. This magnitude may also be determined 
electrically. If we use a low electromotive force to decompose 
acidulated water, we get a rapidly decreEiaing current, a so-called 
charging current. The one electrode, the negative one, may l>e 
a plate of platinum, the other a so-called unpolarizable electrode, 
The current drives hydrogen ions to the platinum electrode ; 
they are not discharged, however, but remain at a certain 
distance from the cathode. This system may then be regarded 
as a Leyden jar. The capacity of this Leydeo jar is defined as 
the ratio of the quantity of the electricity which was passed 
through the cell to the applied electromotive force. 

Now the capacity of a Leyden jar may be calculated from 
its superficial area and the distance apart of its two charged 
plates. In this case the plates are the platinum cathode and 
the layer of hydrogen. The nearer these are to each other, the 
greater is the capacity. Helmholtz ^ determined in this way 
the distance between the cathode and the hydrogen layer, and 
found it to be 10^* cm. Other determinations have been made 
since, and found to agree with those of Helmholtz. We have 
assumed this value in the calculations given above. 

J. J. Thomson,^ who has carried out excellent work on the 
nature of cathode rays, is at present engaged in working out an 
hypothesis on the composition of atoms. He imagines an electri- 
cally neutral atom to be composed of a great number of electrons, 
'the number being proportional to the weight of the atom. As 
these electrons carry a very great charge of negative electricity, it 
is necessary to further suppose that the atom, being electrically 
neutral, contains just the same quantity of positive electricity ; 
this quantity J. J. Thomson supposes to be uniformly distributed 
over the inside of a spherical shell, which may be regarded as the 
limiting surface of the atom. The electrons are supposed to 

' Helmhohz, Ann. Physih. it. Ghem. (3), 1879, 7, 337 ; " Wias. Abhand- 
tnngen," vol. i. p. 855. 

' Thomson, Phil. Mag. (C), 1904, 7, 237. 
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move in circles round the centre of the atom, and are therefore 
driven outwards by a definite centrifugal force. Furthermoie, 
they are subjected to the mutual repulsion of their negative 
charges and to the attraction of the total positive charge, 
Thomson has solved the problem for the special case in which tiie 
electrons are arranged in circles around the centre of the atom. 
He calculates that the highest number of electrons which can 
move in a single circle round a common centre is five. If there ■ \ 
are six electrons moving in one and the same circle, their motion 
is unstable, whatever may be the velocity, and the electrons 
therefore arrange themselves so that one of them goes to the 
centre and the remaining five move in the same circle. With 
a great number of electrons it is necessary to suppose them 
placed on several different circles ; thus, for instance, if their 
number is 60, the electrons move round five different circles, 
20 on the outermost circle, 16 on the next, 13 on the third, 8 on 
the fourth, and 3 on the innermost circle. 

The stability of the outermost ring increases with the 
number of electrons within it. If the outermost ring is not 
very stable, it may, even under the influence of rather weak 
external forces, lose one of its electrons, and then we have 
a positively charged atom with the unit atomic charge. This 
represents a monovalent positive ion, such as the hydrogen ion. 
In the same way, we may figure to ourselves the genesis of 
divalent ions, such as the calcium or the zinc ion ; of trivalent 
ions, such as the aluminium ion ; and so forth. 

In this way we get a good representation of the changing 
valencies of the atoms, so that, for instance, we can easily 
imagine the indium atoms to be mono-, di-, and tri-valent. But 
it is difficult to understand why the trivalent indium atom 
should be the most stable of the three, as experiment shows, 
and also why the valency in most cases varies by even and 
not by odd numbers. 

When the stability of the outer ring gets very great — there 
being a relatively large number of electrons inside it — it may 
be possible for one or more electrons to be on the surface of the 
atom without breaking up the ring; in this case the atom 
would carry a charge of negative electricity, and would then 
behave like a negative ion. According to the number of negative 
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electrons on its outside, it would be mono-, <U-, tri-, tetra- 
valent, and so on. 

The weights of the ions would not sensibly differ fVoni those 
. of the corresponding atoms ; for if the weight of one electron is 
(mlj the two-thousandth part of that of an atom of hydrogen, 
the loss of one electron from the hydrogen atom would only 
cause a decrease in weight of one two-thousandth. Other atoms 
have a much greater weight than that of hydrogen, and therefore 
the loss of an electron would be still less perceptible. 

The unit of matter represented by the electron is so 
exceedingly small compared with the quantity of matter in the 
' atoms, that it is altogether impossible to decide if Lenard's 
modification of Prout's hypothesis is true, by making detennina- 
tions of atomic weights ; for if these attain the highest possible 
d^ree of accuracy, they will still be far from exact enough to 
come within the limit of the two-thousandth part of the present 
unit, which corresponds approximately to the atomic weight of 
hydrogen. 

It seems rather diflScult to explain, according to Thomson's 
deductions, how an atom may sometimes behave as a negative 
ion, and sometimes as a positive ion, as Berzelius supposed for 
nitrogen and Faraday for sulphur. It is also difficult to develop 
the ideas of Thomson so as to obtain a satisfactory representa- 
tion of such a case as that of nitrogen in sal-ammoniac, NH4CI, 
where the nitrogen atom seems to bind four positive atoms 
(4H) and one negative atom (CI). 

In such a compound as HCl the molecule consists of one 
atom of hydrogen, which has lost an electron, and one atom of 
chlorine, which has added an electron on to its external surface. 
Therefore the weight of such an electrolyte is just as great as if 
both its components consisted of whole atoms. 

With the help of his ideas on the composition of matter, 
Thomson also endeavours to give an explanation of the so-called 
MendeleefiTs system of the elements. 

This system represents, as is well known, very many of 
the chemical and physical properties of the chemical elements. 
MendeleeflPs latest formulation of his system is as follows 
(Prometheus, ' 15, 97-102, 121-125, 129-134, 145-151 : 
1903) :— 
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This scheme diBeis from its c4d cLiasical form bv (he adiiici«.>a 
of the new elements cooUined in atmoeplierie air. for a kmov- 
ledge of which we aie indebted to the epodi-nukking reseiuches 
of Sir William Samsaj. As these dements haTe hifiherto 5hown 
BO "affinity" to anj known element, thej are placed in a 
special group 0, containing the elemoits without valencv.^ (The 
group 1 is composed of the elements with the valencv 1, and so 
3n.) Farther, Mendeleeff introduces two new elements, X and 
Y, each with less atomic wei^t than that of hydrogen. Both 
3f these would belong to the group 0, aikl we shoold, therefore, 
be mclined to search for them in the gases of the atmosphere. 
l^ow, before heliam was known as a terrestrial element, a well- 
iefined spectral line of the wave-length 587*5 ^ was known in 
the spectrum of the sun's highest atmosphere (in the pro- 
buberances, and above the snnspots), which was not found in the 
spectram of any substance of terrestrial origin. The ptiysicists, 
therefore, supposed that in the sun's atmosphere there existeit 
U) unknown elementary gas, to which the name helium (i.r. 
3un-element) was given. This prediction of a new element was 
brilliantly verified by the discovery of helium in \'arious uranium 
minerals by Baniisay. It has been since shown that other 
spectral lines of the sun and different stars belong to the 
ipectrum of this substance. Further, the other new elements 
>f the earth's atmosphere are represented in the sun*s highest 
tmosphere, as evidenced by characteristic spectral lines. 

Hence, although we do not know the element Y in the 
^-rth's atmosphere, we may search for it in that of the sun. 
Indeed this contains an element, called coronium, since it is 
liaracteristic of the sun's corona, which is not known to occur 
Q the earth. Perhaps, says Mendeleeff, coronium is identical 
^ith the element Y sought for. This coronium (531*6 fxix) is 
t^ntained in higher layers of the sun's atmosphere than those 
t^ntaining hydrogen and helium, the lightest elements known ; 
tidit might, therefore,, be supposed to have a lower molecular 
eight than these, just as would be expected for the element Y. 

^ There are a number of different modifications of Mendel^eff*s arrange- 
ent of the elements, as, for instance, those of Abegg, Ramsay, etc. They 
esent different advantages and also disadvantages, so that there is no special 
ason why they should be preferred to that of Mendeleeff. 

H 
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From the different regularities in the atomic weights and the 
positions of the elements in his scheme, Mendeleeff calculates 
the atomic weight of the element Y to be 0*4, or probably some- 
what less. As it belongs to the group 0, it will, like the other 
elements of this group, consist of monatomic molecules, and 
its relative density (the density of hydrogen = 1) is therefore 
only 0*2, or still less. The other element X ought also to 
belong to the group 0, and to be a gas still lighter than the 
element Y. The element X is called Newtonium, in honour of 
the immortal physicist. From very bold theoretical con- 
siderations, Mendeleeff calculates its atomic weight to be about 
O'OOOOOl. Its atoms ought, therefore, to be about 500 times 
lighter than the electrons. As a matter of fact, the calculation 
of Mendel^ff could just as well have led to a number equal 
to, or greater than, 0*0005 (corresponding to the electron), as 
we shall see further on. Mendel^ff supposes this element 
to form the substance of whidi the luminiferous ether is 
built up. 

This is not the place to enter upon the many great difficultly 
connected with this idea, especially the explanation of tlie 
transverse vibrations of the luminiferous ether, which are 
inconsistent with the nature of an extremely attenuated gas. 
Nor shall we discuss the weak points of Mendel^eff's scheme; 
in respect to the known elements, as these imperfections are wellj 
known to every chemist. 

A short account, however, may be given of the manner inj 
which J. J. Thomson seeks to reconstruct this scheme by 
aid of the known properties of the electrons. 

We may, with Thomson, consider the elements of one seru 
for instance, series 3 — 

Elements Ne Na Mg Al Si P S CI 

Atwt. . 19-9 23-05 241 270 284 31-0 32-06 36- 
Diff. . 3-15 1-05 2-9 1-4 2-6 1-06 3-39 

and compare this series with the possible combinations 
electrons, containing an outer ring of 20 electrons. Th« 
and their nearest neighbours are, according to Thomson, 
following:—- 
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Of these, the ^atem of 59 electrons contains in ita oat«r- 
most ring the greatest possible uuinber of electrons that may be 
held together by the iuner electrons. Therefore this combination 
is very unstable, and easily loses one electron, thereby becoming 
the combination 58 with a unit positive cliarge. On the other 
hand, the compoimd of 58 electrons is so stable in the outer 
ring that it very easily adds on a negative electron and holds it 
at the surface of the atom. That is, as soon as the combination 
of 59 electrons has been transformetl into the atom with 58 
electrons, it will again bind one electron, so that the whole 
process consists in the transference of one electron of the 59 to 
tha outside of the atom. This atom will, therefore, possess 
neither a positive nor a negative charge; it will be without 
valency, and therefore belong to the group 0, 

The outside electron of the atom (58 + 1) may, on the other 
hand, again go back to the outer ring, so that the atom 59 is 
reformed. Tliere will therefore be an equilibrium between 
uncharged 59-atomB and poaitively chained (58 + l)-atom3 
with an outer negative electron, But in both cases the total 
chaige is zero, and we have an element of the group 0, like 
neon, before us. In au analogous way Thomson tries to demon- 
that the 67-atom repi-eaents an element of the group 0, 



C we then proceed to the 60-atom, we find that it may 

ft one electron, and thus be transformed into the 59-atom; but 

f if it loses one electron more (58-atom), it will add it on to its 

lin, just as the 59-atom did. The 59-atom derived 

I from the original 60-atom, therefore, represents a monovalent 

positive element, like sodium. 
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By extending this reasoning to the 61-atom, we find that it 
may lose two electrons and behave as a divalent positive atom, 
like magnesium; the 62-atom will give a trivalent positive 
atom, like aluminium ; the 63-atom a tetravalent positive atom, 
like silicon (in chloride of silicon, SiOU) ; and the 64-atom a 
pentavalent atom like the phosphorus atom (in POI5) ; and so 
forth. 

On the other hand, by adding n^ative electrons to the 
outside of each, the 66-, 65-, 64-, and 63-atoms will be converted 
into negatively charged mono-, di-, tri- and tetra-valent negative 
atoms, corresponding to chlorine, sulphur, phosphorus, or silicon 
in their compounds with positive hydrogen and its substituents. 

This representation of MendelfeflTs system is very interest- 
ing, and it may be hoped that with further work success will 
meet the efforts to remove the numerous diflSculties with which 
it has now to contend. One of these dif&culties is inherent to 
the scheme itself; the atomic weight ought to increase with 
the positive valency in every series. This seems not to be the 
case. There are two very prominent exceptions to this rule : 
The one is argon, which has a higher atomic weight than potas- 
sium (39*8 against 39*1). The figure 38 for argon given by 
Mendeleeff is only a " theoretical " value, computed in order to 
retain the simplicity of his scheme ; the experiments of Bamsay ^ 
give 39'8 for argon, and potassium has been very accurately 
determined to be 39'1. The other exception is met with in the 
case of the two elements tellurium and iodine, with the atomic 
weights 127*6 and 126*97 respectively. 

This difficulty is only a specially striking instance of a 
more general one ; the systems in Thomson's series differ from 
each other by one electron, so that the difference between two 
consecutive atomic weights is constant. This does not agree 
with the much more complicated behaviour of the natural 
elements. In the series 2 this difference varies between 1*05 
and 3*39, i.e. in the proportion 1 : 3*2, in a somewhat irregular 
manner. In other series this variation is of the same order. 

But there are other difficulties not specially characteristic of 
Mendeleeff's scheme itself, but only of its representation by 
Thomson. After the second series with 20 electrons in the outer 
1 Ramsay and Travers, Froc. Boy, Soc., 1898, 64, 183. 
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ring, there will come a series with 21 electrons in this ring, 
Chen one with 22 electrons, and so on. These series corrcspont) 
to the series 3, 4, 5, 6, etc., in Mendeleeffs sclieme. Now, the 
number of atoms belonging to one series is very nearly constant, 
and likewise the difference between tiie atomic weights of the 
extreme elements is not very nnlike in succeeding series. The 
series of Thomson behave in quite another way. It is only by 
chance that the series with 20 electrons in the onter ring con- 
tains 7 elements with valencies corresponding to the second, 
third, or seventh series of irendel6eff. In general, the number 
of elements belonging to a Thomson's series will increase nearly 
proportionally to the ^ power of the atomic weight of its first 
element; therefore the number of elements in the seventli 
series ought to be about tliree times as great as that in the third 
series and about eight times as great as that in the second series. 
Thomson's scheme would, therefore, if ifc were worked out, differ 
considerably from its prototype. 

One might imagine that perhaps tliis difficulty would dis- 
appear if the atoms were represented, not by rings of electrons 
lying parallel to one another, but by some other arrangement of 
the electrons, wldch would correspond better with the three- 
(limenaional configuration of the atoms. But, as Thomson 
remarks, the general outlines of his system would not be 
substantially altered by such a modification. 

Another difficulty, and perhaps the greatest one, is that 
experiment siiows that the mass of the electi^ons is only about 
the two-thousandth part of that of the hydrogen atom. Accord- 
ing to this idea, it would be natural to suppose that the -neon. 
atom consists of 39,800 electrons, the sodium atom of 4fi,100. It 
would, therefore, not be one step from neon to sodium, but 6300. 
Hence it will be necessary to add to Thomson's scheme the 
supposition that not one electron, but a great number of electrons, 
together with the corresponding quantity of positive electricity, 
makes the difference between two consecutive elements. And 
as the differences between the atomic weights of consecutive 
elements are not at all constant, it will be necessary to assume 
tliat the complex of electrons is very different in different cases. 
By this amendment the Thomson .scheme loses its simplicity, 
and at the same time much of its theoretical value. 
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The latest calculations of J. J. Thomson ^ may perhaps open 
out a new perspective. They are based on three different series 
of measurements, and lead to the result that '' the number of 
electrons (corpuscles) in an atom of an elementary substance is 
of the same order as the atomic weight of the substance." Thus, 
for instance, the scattering of Sontgen rays by air gave the 
result that the number of electrons in a molecule of air is 
about 25 (according to experiments of Barkla), whereas the 
mean molecular weight of air is 29. This result reminds one 
very much of the hypothesis of Prout. 

Another objection may be made to Thomson's scheme, 
because it demands that there should be two elements of the 
group in every series. Thus, in series 3, neon should corre- 
spond both to the 58-atom and to that composed of 59 electrons. 
We know nothing of such a duplication of the elements of 
group 0. Further, if, for instance, the 59-atom is unstable and 
loses one of its electrons, why should it regain its stability by 
simply adding on the lost electron to its outside, and not just as 
well by attracting a negative monovalent atom, e,g. a chlorine 
ion ? In this manner the positive potassium ions unite with 
negative chlorine ions and give salt molecules. One cannot 
ignore the fact that it seems necessary to find the reason why 
the 59-atom does not behave in the same way in order to acquire 
stability ; in other words, why the 59-atom cannot as well be a 
monovalent positive element as one without valency. 

It is very interesting to note that at the same time as 
Thomson worked out his idea of the composition of matter, 
the Japanese physicist Nagaoka^ was also led to similar 
assumptions in order to explain the optical, especially the 
spectral, phenomena of matter. He supposes electrons to move 
in concentric rings around a positively charged centre; also 
that the whole positive charge is concentrated at one point, 
and not equally distributed over a sphere. Nagaoka, as well 
as Thomson, has worked out an explanation of the breaking 
down of the radium atom into helium and something else. If 
this breaking down is finally satisfactorily proved, these theo- 
retical deductions may prove of value. 

1 J. J. Thomson, PA»7. J%. (6), 1906, 11, 769. 

2 Nagaoka, Naiwt, 1904, 09, 392. 
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Lenanl ' has jmt Torward the iik* that in the spectrum of 
a metal, e.g. Xa, Thkh can be nsolTed into a prioctpal and 
aeverd Gubeidiary aeries, tlie principal aeries oonesponds to the 
Tibratdons of the neutral atom, and the first, second, ti«., aab- 
sidjaiy series to the vibrations of the metal atoms which have 
lost 1, 2, etc., electrons. It is posable that this hypothesis 
will be of great value iu the eliicidatioii of complicated 
Bpectra. 

Lenard has shown that in the arc light the principal series 
(of Li and Na) is developed in the outermost edge of the are, 
the first subsidiary series in a zone which lies within this edge, 
the second subsidiary' series in a zone which lies still more 
towards the centre, and so on. Since there is no doubt that tlie 
temperature increases towards the centre, this would indicate, 
according to the second law of thermodynamics, that tlie splitting 
off of the electrons is accompanied by loss of heat, wliich is 
just the opposite to the behaviour of radium. Accordingly Na 
must become divalent at higher temperatures, trivalent at still 
higher, and so on. It would, perhaps, Ije more in accordancs 
with the stability of the monovalent Na iou to assume that the 
principal series owes its existence to this ion, the first subsidiary 
series to the divalent Na ion, and so ou. In any case, Lenard's 
idea seems to he preferable to that of Thomson's, 

According to the investigations of Stark,* the uncharged 
atoms produce band spectra, while the monovalent ions of H, 
Na, and K, give the principal series and the first subsidiary series 
of the line spectnmi. Using Doppler's principle, he measured 
the velocity of the ions in question under the influence of 
a definite fall in potential, A continuation of these interesting 
investigations seems very promising. 

The views developed by Rutherford, Soddy and Kamsay are 
based upon a stronger experimental evidence than the theoretical 
deductions of J, J. Thomson, and merit a high interest. It 
seems rather probable, from the researches on radio-active sub- 
stances, that these are subjected to steady changes wldch go on 
with different velocities. These velocities are characterized by 
the time necessary for the decomposition of lialf of the original 

' Lenard, Ann. Phyiik., 1905, 17, 327. 

2 Stnrk, mUiug<.r N'lchnrhten Math.-^phj". A7., 11X15, 450. 
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quantity of radio-active substance. For instance, according to 
Kutherford/ radium is decomposed in 1300 years. The first 
product is a gas, radium emanation, which in four days gives a 
deposit called radium A. This, however, gives radium B in 3 
minutes, which in 21 minutes changes to radium C, and this, 
in its turn, gives radium D in 28 minutes (all the times corre- 
spond to a decomposition of 50 %). These substances are all 
solid, and produce radium E in about forty years, which changes 
to radium F in six days. Eadium F is probably identical with 
polonium, and loses 50 % of its radioactivity in 143 days, giving 
an inactive substance. Whether the process is complete after 
tliese eight changes we do not know. 

During these transformations a-, j3-, and y-rays are given off 
according to the following scheme, which is easily understood:— 

Radiam, Ra. emana- Ba. A, Ba. B, Ra. C, 

1300 years. tion, 4 days. 3 mlns. 21 minfl. 28 mins. 



Active deposit. Rapid change. 

T 



O 



Ra. D, Ra. E, Ra. F, Ra. G, inacttye 

40 years. 6 days. 143 days, end product ? 

(Radio lead.) (PoloninnO 

Active deposit. Slow change. 
Fig. 18. — Transformations of radiam, according to Rutherford. 

Now, we imagine that the /3-rays correspond to the ex- 
pulsion of negatively charged electrons with the velocity of 
light, whereas the a-rays consist of positively charged atoms — 
since helium seems to be produced during the radiation, Ruther- 
ford assumes them to be helium atoms— possessing, according 

cm 
to him, a speed of 2*5 X 10^ — * , the twelfth part of that of 

b6G« 

light. Rutherford holds the opinion that every change accom- 
panied by a-rays is characterized by the loss of one atom of 
helium, so that finally the radium atom would lose five helium 
atoms, and therefore the (end-) product Ea. G would have an 

1 Rutherford, " Radio-activity,'' 2nd edit. Cambridge : 1905, p. 450. 
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atomic weight of 225 — 5x4= 205 (Hn = 4 beiti^ the atomic 
weight of holimu). Tlie umissiuii of y-T&ys. whioh aro of 
the same kind as llont^en rays, causes uo loss of matter, and 
the q^iiantity of matter accompanying the radiation of p-rays 
may he neglected compared with that cltaracteristic for the 
a-rays. The energy given out by radium, corresponding to 
about 100 gram-calories per hour per gram of radium, is 
supposed to eorresiwnd to the emission of u-particles, each 
possessing a kinetic energy of 5'9 X 10"* erg. In the present 
case the processes 6 to 8 go on so slowly that they may he 
neglecte<l during the short time which has elapsed since the 
preparation of the radium. 

From these figures, and assuming that 1 c.e. of hydrogen 
at 0° and 760 mm, contains 3-6 X 10'^ moleeides, Rutherford 
calculates that about 18'9 x 10'** a-partieles are ejected from 
one gram of radium per second, i.e. 4*7 X 10'" particles per 
second for each of the four processes, and that one gram of 
radium contains 36 X lO'^ atoms, its atomic weight lieing 225. 
Other measurements, which depend on the radio-activity of, 
and the evolution of heliuui from, radium bromide, lead 
Rutherford to the result that eacli gram of radium sends 
out 4 X 6'2 X 10'" a-particles per second. From this number, 
which he thinks more correct than the one given above, it 
follows that in one second 1'75 X 10~" grams, and in one year 
5'53 X 10~* grams, undei^o transformation in every gram of 
radium, corresponding to a change of 50 % in 1250 years. 

The two active substances thorium and uranium possess an 
activity about two million times less than that of radium, as 
measured by their property of dischaiging a charged electroscope. 
During their successive transformations the radium and thorium 
preparations emit four a-raya, whereas the uranium preparations 
only expel one. The number of molecules transformed in unit 
time is proportional to the number of o-rays emitte<l during 
every change ; hence the " life " of a radio-active atom is inversely 
proportional to the rail iu -activity and directly proportional to the 
number of emitted a-raya. From these considerations Ruther- 
ford calculates that the times necessary for the transformation 
of 50 % of thorium and uranium are J X 2 X 10" X 1250 = 6 
X 10" and 2 X 10" X 1250 = 25 X 10" years respectively. 
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If nullum is a product of decomposition of these elements it 
is easy to calculate how much radium should be produced in one 
year. Soildy^ found tliat the obseiA'ed value was not the 
five-hundredth part of that calculated in the case of uranium. 

According to these ideas, radium may be regarded as a 
composite metal, something analogous to ammonium, NH4. 
Metallic NH4, alloyed with mercury, was prepared by Ber- 
zelius. By the loss of one H it gives ammonia gas, corre- 
sponding to the emanation of radium,^ and by the further loss 
of an atom of H, diamide (NH2)s) the mother substance of the 
hydrazines, discovered by Emil Fischer. By further loss of 
hydrogen NaH4 would give NaHj, which compound is not 
known except in the form of its hydroxyl derivative N2(Ofl)8, 
hyponitrous acid. By still further loss of hydrogen, hy(h^oic 
acid, NsH, and finally pure nitrogen are obtained. It is quite 
possible that other compounds of hydrogen and nitrogen, inter- 
mediate in composition to those given above, may exist. We 
thus have an analogy between the degradation products of 
ammonium under loss of hydrogen, and those of radium 
under loss of helium. 

Efforts have also lately been made to explain matter as 
being only a manifestation of electrical forces. If an electrou 
possessing a certain velocity moves through space, th€ 
motion is connected with two kinds of energy: the kinetic 
energy of the electron's mass and the electromagnetic energy 
of the surrounding magnetic field. Suppose, now, that th< 
velocity of the motion increases, then both forms of energy 
increase proportionally so long as the velocity remains mucl 
below the speed of light. But as the velocity of the electroi 
approaches this speed the magnetic energy increases mon 
rapidly than the kinetic, and would, if this speed were attained 
become infinite; therefore the electron can never have th 
velocity of light. Hence, there is no longer proportionality 
between the two kinds of energy for very great velocities 
the electrons, but the magnetic energy becomes a continuall; 
increasing fraction of the total energy. 

1 Soddy, Phil, Mag,, 1905, 9, 768. Cf. also pp. 19, 20. 

2 Concerning the electrochemical affinity of ammonium, cf. Coehn, Zeii 
Anorg. Chem,, 1900, 26, 430; Zettfur Elektrochem., 1806, 12, 609. 
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If we increase the velocity of any mass, it is necessary to 
supply energy to it. The greater the amount of the supplied 
energy, the greater, we say, is the mass of the body in motion. 
In the case of any moving electroii, energy most be supplied 
not only for the kinetic energy of the mass in motion, but also 
f(Hr the magnetic energy. As both these at the commencement 
are proportional to one another, we may substitute for the 
magnetic energy an equivalent increase of the mass of the 
moving electron, and suppose the total energy to be kinetic. 
In the same maimer we might suppose that there was nothing 
bnt magnetic energy, and neglect the mass of the electron. 
This mass might therefore only be apparent and not real. But 
if this were true, we might expect that as the speed of the 
electron approaches the velocity of flight its apparent mass 
▼odd increase beyond all limits. Indeed, some very interest- 
iag experiments of Eaufmaim ^ seem to indicate such an increase 
in the apparent mass gf the electrons. His figures on the mass 
of the electrons of /3-rays obtained from radium preparations, 
• compared with the calculated values, when the whole mass is 
Bopposed to be apparent, i.e. electromagnetic, «ure given b^low — 

Vekxdly of /3-rays . . 2-36 2-48 2-59 272 283 x 10^ 

tltSL™> [l-5 IW 2»1 2-55 3-12 

Ibm of electrons 
WcoUted by J. J. Thorn- 1 1-65 183 204 2*43 309 



The apparent mass of the electron at low speed is put equal 
to L Evidently the figures of Kaufmann show an increase, as 
Abiabam's * and J. J. Thomson's ^ calculations require, as the 
lelodly approaches to 3 x 10^^. 

Mauy physicists have expressed themselves in sympathy 
wifli the idea that matter is only a manifestation of electrical 
iones. J. J. Thomson has more than any one else been the 
iilfiil advocate of this idea in his remarkable book on 

> Kanfinaim, Q'6U. Nachrichten, 1901, 143; 1902, 291 ; 1903, 90. 

« Abraham, Oott Nachrichten, 1902, 20. 

» J. J. Thomson, " Conduction of Electricity through Gases " (2nd ed.), 
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" Electricity and Matter " (1904), to which the reader interested 
in these questions may be referred. 

According to this idea, the mass of a body is not invariable, 
but will rapidly increase as the velocity of the body approaches 
to that of light (3 X 10^ cm. per second). But if the velocity 
is less than the tenth part of this, the difference in mass from 
that at very low velocities is insignificant — below 1 %. Now, in 
reality, if we except the cathode- and /3-rays, we never observe 
matter endowed with such high velocities. The eruptions on 
the new star in Perseus (February, 1901) did not attain a 
velocity greater than 7*5 x IC cm. per second, and the greatest 
observed velocity of the protuberances on the sun is 8*5 x 10? 
cm. per second, exceeding that of our most rapid projectiles by 
about a thousand times. These velocities are about the four- 
hundredth p«urt of the speed of light, so that the deviation from 
the law of the constancy of mass must, even in these extreme 
cases, have been inappreciable. 

Further investigations on these interesting questions seem 
necessary before these revolutionary ideas will have the chance 
of being generally accepted.^ 

» Cf. above, p. 102. 
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aERTO we have chiefly been concerned with the properties 
toms; now we will proceed to consider the properties of 
3cules. 

The great discoveries by which chemistry developed into 
ience in the modem sense of the word were made during 
(arches on gases. In old times all gases were regarded as a 
b of air, and only slowly did observation lead to the know- 
ge that there exist different gases with very dissimilar 
perties. 

In the seventeenth century, Boyle carried out his funda- 

ntal work on gases, and discovered the law that bears his 

ne. He enclosed a quantity of gas in a U-tube, of which 

one leg was open, the other closed. The gas was confined 

means of mercury poured into the open limb. On increas- 

the pressure by adding more mercury, the volume of the 

decreased. Boyle found that the volume was inversely 

portional to the pressure, and the mathematical formulation 

tiis law is therefore — 

V = K-, or iw = K, or 1? = KG, 
p 

ere K denotes a constant proportional to the mass of the 

closed gas, p is the pressure, v is the volume, and C = -, the 

erse value of the volume, may be called the concentration 
the gas. 

At the beginning of the last century, Gay-Lussac, in deter- 

aing the dilatation of gases by heat, made a new discovery. 

found that all gases have very nearly the same coefficient 
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of expansion, their volume at constant pressure increasing by 
the 273rd part of the value at 0** C. for a rise in temperature of 
1^ C. The mathematical expression of his law is evidently— 

1 A T 



^ = ^^ + 2730 = "^ 



273 



where vq is the volume of the gas at 0^ C. and constant pres- 
sure, t is the temperature in degrees Centigrade, and T = 273 + i 
is the corresponding absolute temperature. It is also easy to 
see that the formula — 

jpv = KT, or jp = EOT 

where II is a constant, includes both the laws of Boyle and j 
Gay-Lussac ; for on making T constant we have the law of 
Boyle, and on making p constant we get the law of Gay- 
Lussac. 

The law of Boyle is often called Mariotte's law, because 
Mariotte discovered it seventeen years later, independently of 
Boyle. Mariotte tested it chiefly for pressures below 760 mm.; 
Boyle had done it for higher pressure. About forty years 
before Gay-Lussac, the Parisian professor Charles had studied 
the thermal dilatation of gases, and enunciated a law similar to 
that of Gay-Lussac, and hence the law for the dilatation of gases 
is often called Charles' law. 

Gay-Lussac discovered another law during his work on the 
properties of gases (1805). Volta had constructed an instru- 
ment called the " eudiometer " for determining the quantity of 
oxygen in air. In this instrument hydrogen was added to the 
enclosed air, and the mixture exploded by electric sparks. In 
this way water was formed, which then condensed, so that the 
volume decreased. The decrease in volume was due to the 
disappearance of the oxygen and an equivalent quantity of hydro- 
gen from the gas-mixture. In order to ascertain the quantity 
of oxygen, it was evidently necessary to know what fraction of 
the diminution of volume was due to the disappearance of the 
oxygen. This fraction was found to be a third, and therefore of 
the loss of volume one-third was due to the oxygen, and two- 
thirds to the hydrogen. In other words, water is formed from one 
volume of oxygen and two volumes of hydrogen. This fact, in 
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ite simplicity, recalls tlio law of Oalton. Later ou, Gay-LuMsac 
proved that simple proportions by volume were found in all 
other cases which he investigated, and that if a gas were formed 
by the combination, tlie volume of this compound was in a 
ample proportion to the volumes of the gaseous constituenls. 
Ammonia and hydrochloric acid combine in equal volumes ; 
uamonia and carbon dioxide in the volume proportions 2 : 1 
■ymH 1 : 1, accoi'ding to the circumstances ; nitrogen and liydrogen 
lit the proportions 1:3; sulphur dioxide and oxygen in the 
proportions 2:1; carbon monoxide and oxygen in the proportions 
2:1, In the last case the carbon dioxide formed occupies the 
Bime volume as the carbon monoxide. In the decomposition of 
ammonia gas, the volume of the compound ia found to be 
donlile the volume of the combined nitrogen, and two-thirds 
that of the combined hydrogen. Water in the gaseous state 
occupies the same volume as the corajwuent hydrogen, and 
double the volnme of the component oxygen, 

Gay-Lussac showed how it was possible, by means of bis 
law and the known densities of the elementary gases, to calculate 
the densities of their compounds. 

Berzelius understood perfectly the importance of the con- 
nection between Gay-Lussac's discovery and Dalton's law, and 
wrote the following remarkable words to Dalton (1812) : " You 
are quite right that without the atomic hypothesis the theory of 
multiple proportions is a mystery, and, as far as I know, all 
results hitherto obtained contribute to the verification of this 
hypothesis. But I tliink there are parts in this theory, as 
developed by you at the present time, which ought to be altered 
a little. For instance, that part of it which leads you to assert 
that the experiments of Gay-Lussac on the volumes of com- 
biiung gases are inexact. I would rather have supposed that 
these experiments form the most beautiful proof of the pro- 
bability of the atomic theory," 

Dalton sought to demonstrate the erroneousness of Gay- 
Lossac's measurements ; Berzebus used them for the determi- 
nation of atomic weights. For instance, Dalton supposed an 
" atom " of water to consist of one atom of hydrogen and one 
atom of oxygen ; but Berzelius asserted that equal volumes 
contain equal numbers of atoms. As the combining volumes of 



iiydroouL uuc uryi!Bii -wstrt ihi iSut firsfiatHii 2 : 1, he expressed 
tilt lUBk liiui BL ttsom of -whskor sf tCKjflmposed of two atoms of 
liydrrineL and anf- flsum of dxtzpbzl «nd he wrote its formula 
fi/' juBi Bf wi- do BPw. Bm liifiR arose a dijBBcnltjr which 
IfterztibuF could ucn nrsronnifi. Ii was observed that one 
vniumi of bydragBD and one 'mlicEDe' <of chl<»iie combine to 
jmiduce rwri vcdmneB of IrrdrodQcnit acid. Therefore^ accoid- 
inr tf- BcrzdinE. ontf acam of liTdn^sm •wonbines with one atom 
of (iiilfirinf- i^- ftiriL two '"atantf" of lirdrochknic acid This 
idL*b wa.f iucomjiBtibile whih iifa£ oonoe^iitafai rf an " atom," since 
nnv uirnL of hydrogen mnsi liben \^ snppGised to be dirid^d 
iK?rww!L tht TWO nt'wlr ftirmfid ** aiam? ^ ■erf' hYdroehloric acid 

m 

Aii Italian jircrfessor. Avacradrci, fc»TiDd a tcit simple way 

f»ui 'if iluf difficulry. He imrodnoed a x^w conception — that 

<ii' ihi- molecule — and supjiosed t^iax one mokcnle of hydrogen 

cousims nf two alioms of hydrogen, and that, sunilarlv, the 

(rliloriue luolecule is oompoaed of rwo chlcvine atoms. He 

asBert/ed thai equal Tolumes of different gases (under the 

same conditions of temperature and prossme) contain the 

Kame numlier of molecules. One molecule, Lf. two atoms, of 

hydrogen and one molecule, Lc, two aJoms, of chlorine give 

two molec^ules of hydrochloric acid. In the same manner, the 

facts that one volume = molecule = two atoms of oxygen gas 

and two volumes = molecules = four atoms of hydrogen give 

two volumes = molecules of water (H2OX «nd that one volume 

= molecule = two atoms of nitrogen and three volumes 

= molecules = six atoms of hydrogen give two molecules 

(volumes) of ammonia (XHs), were easily understood. 

But a long time elapsed before Avogadio's ideas were 
acceptefi The great development of oiganic chemistry about 
the middle of last centuiy, during which a great number of 
gaseous products (at ordinary or easily reached temperatures) 
were prepared, first showed clearly the utility of Avogadro's idea. 
The densities of all these gases could easily be calculated with 
the help of the new hypothesis if one knew their composition. 
The reHuIt« were found to be in agreement with observed values. 
Thij» Avogadro's hypothesis really developed into a law, which 
term will »>e applied to it in what follows. 

Hilt »om« difficulties stiU remained. It was, for instance, 
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taS that the vapour density of sal-ammoniac (which is a com- 
pound of hydrochloric acid and ammonia in equal volnmea, and 
tlierefore must have tlie composition NR(C1 or a multiple of it) 
is only l-Ol, only a little more than half that calculated accord- 
ing to the molecular formula NH^Cl, viz. r84. Such "abnor- 
mally" low vapour densities were alao found for the com- 
pounds NH4CN, PH4Br, PHiCI, (NH,)sS, NHiSH, PClo, and 
NHjOCONHa. As early as 1857 Cannizzaro gave the right 
explanation of tliis abnormality, St. Claire Deville had at that 
time publisbed a very remarkaliie research on the dissociation 
of different compounds at Iiigh 
temperatures. It seemed, there- 
fore, natural to suppose that 
these exceptional compounds, at 
the rather high temperatures at 
which their vapour densities 
were determined, were partially 

decomposed; for instance, N Hi CI 

into NHb and HCl. 

This was shown to be true 

Ity experiments carried out by 

V. Pebal and v. Thau. v. Pebal ' 

fixed, by means of corks, a 

glass tube, r, in the axis of 

another wide glass tube, R. In ~~ 

r an asbestos diapliragm was 

placed at a, and above it was 

laid a piece of sal-ammoniac, s. 

A narrow glass tube, t, led to the 

top of R just above the opening 

of the tube r, and another narrow 

glasa tube, v, ended at the lower 

side of a. R was heated close to t 

the tubes t and v. The air carried the gases from the uppei" 

and lower sides of a through glass tubes, u aud w, hi which 

pieces of litmus-paper were placed. Now ammonia, NHa, 

diffuses more rapidly than hydrochloric acid, HCl. If, therefore, 

the piece of sal-ammoniac s gives off vapours, which are partially 
' V. Pebitl, Ann. Chem. u. Pharm., 1862, 123, 1!>9. 




, and air blown in througli 
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at the absolute temperatme T is the same for all gases, anj 
equal to | x l-98rr = 2-985T. Further, the external worl 
done in the expansion of one mole at constant pressure, oi 
heating it through i^ is the same for all gases, and eque 
to 1'99< caL For a monatomic gas the energy supplied o 
heating it at constant pressure through f is given by tl 
formula — 

VLcJi = (1-99^ + 2-9850 = 25 x 1'99/ cal. 

For another gas we have — 



Mcp^ = 2-5 X 1-99^ + Ur - Uo 

A 
A- 1' 



or 1-99,—%^ = 2-5 x 199^ + U« - Uo 



From this equation it is easy to find the value of U< — C 
if we know i. For the diatomic gases Ng, Oa, H2, CO, NC 
HCl, HBr, and HI A; is approximately 1*4, and consequentli 

r-£-^ = 1"4 : 0*4 = 3*5. For these gases, consequently — 

U« - Uo = 1-99^ caL 

or the increase in the internal energy of the molecules is jusl 
equal to the external work done. 

For the gases Cl2,Br2, I2, ICl, and IBr, Ic is about 1'31, and 

consequently r-^^ = 4'23. In this case U« - Uo = 1*73 x l*99i 

For ammonia and marsh-gas h = 1*30 and .. «= 4*33, U< - "L 

= 1-83 X 1-99^. For ethyl ether h is only 1-03, and we fii^ 
U« - Uo = 32 X 1-99^. 

It is obvious that the internal work is very different ft 
different gases, and increases from for the monatomic gase 
to very great values (up to 32 times the external work) fc 
gases of complicated structure, such as ethyl ether. 

Hitherto we have supposed that all molecules move witl 
the same velocity. Even if we suppose this to be the case a 
the beginning, the molecules would collide with each other, am 
according to the laws of mechanics they would have othe 
velocities after impact, so that finally all possible velocitie 
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vrould be represented. But the mean of the squares of all the 
velocities would remain the same as the square of the velocity 
calculated above. Maxwell has calculated the distribution of 
the dififerent velocities. If a velocity is «, expressed in terms 
of the mean velocity as unit, then the number of molecules 
possessing the velocity x is proportional to — 

4 

VTT 

This number is represented by the curve shown in Fig. 17. 




1 2 3 

Fig. 17. — Distribation of velocity (according to Maxwell). 

We learn from it, that velocities near the mean are the most 
common, and that very low or very high velocities are rather 
rare. 

The molecules move with these different velocities, and if 
they had no extension in space they would never collide with 
each other. The greater the cross-sections of the molecules, 
the more often will collisions occur, and the less will 
he the mean path of a molecule between two successive 
collisions. 

Now, there are three phenomena which depend upon the 
length of the free path of a molecule between two successive 
collisions, namely, the diffusion of gases into each other, the 
viscosity of gases, and the conduction of heat through gases. 
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If the molecules did not collide with each other wkn 
moying, they would diffuse with the molecular speed. Thus, for 
instance, if sulphuretted hydrogen were prepared at the one 
end of a tube 400 metres long, the smell of it would be observed 
at the other end of the tube after the lapse of one second. 
Experience shows that this is by no means the case, and if the 
sulphuretted hydrogen is not conveyed from one end to the 
other by means of gas-currents, it will take many years before 
it can be smelt at 400 metres' distance from the point of pro- 
duction. This depends on the collisions of the molecules of 
H2S with the molecules of the air, and the time for reaching 
the point 400 metres distant will be the greater, the greater 
the number of colliding air molecules. 

In the same manner, if a gas-current is blown through a 
narrow tube, the layer of gas molecules nearest to the walls of 
the tube will remain at rest, because of friction against the tube, 
and the speed of the moving gas will increase towards the axis. 
Again, molecules will diffuse from the external slowly moving 
layers into the central rapidly moving portion of the gas, and 
will retard its motion. This phenomenon is called internal 
friction, or viscosity. By measuring it, we are able to form an 
opinion respecting the length of the mean free path of the 
molecules, and consequently we obtain an idea of their cross- 
section. 

The third method of measuring these magnitudes is by 
determining the conductivity of gases for heat. We may 
imagine a mass of gas in a vertical tube heated at its upper 
end. The molecules at the upper end will then possess a 
higher velocity than those below. By diffusion these speedier 
molecules enter the lower layers, and by collision they increase 
the motion of the molecules in these layers, so that the heat 
diffuses from the top to the bottom of the tube. Evidently tbi^ 
diffusion of heat will depend upon the mean free path of tb® 
molecules, and therefore it is possible, by experiments on tb® 
conduction of heat, as well as by determinations of the rate ^^ 
diffusion or of the viscosity, to determine the cross-section ^^ 
the molecules. 

The method that has been used is to determine the cros^' 
section of the molecules by measurements of the viscosity, aO^ 
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to iiilf»hlB tfae rinnfiniriilii of 
ivily for hot of difioRBt P*m. The 
ipeiimeDt and alenlatian is ia noot ease 

impBita, Uiaelcse,a h^ decree at pntbatality ta 

laidentiiODs. This mab 

'ly manner in tJie text-book of O. E. Uervr (l 

ition, translated bv E. E. BapMB, 1899X on tlw kinetic Uwocy 

gases, to which I may tbeiefoce refer. 

It would seem natural to suppose that the inlenul biaioa 

a gas would increase with its density. Bat acoording to 

views the internal &ictioD sbonid be pcoportional to the 

lumber of difFuaing tnolecoles in a given volome, uf, to the 

ity, and also to the mean &ee path of the molecules, 'n-hich 

inversely proportional to the density ; hence, acconling to the 

letic theory of gases, the viscosity of a gas ought to be inde- 

ident of its density, i.e. of its pressure. This conclusion. 

[first arrived at by Maxwell, has also been verified by esperi- 

lental researches carried out by biioself, 0. E. Meyer, and 

Iher Beientiats, At very low pressures the law of Maxwell 

does not hold good, as may be understood from the way in 

ifhich it was deduced. Another consequence of the theory 

18, that the viscosity of gases must increase witli tenipera- 

hire, because of the increased speed of the molecules. This 

Mnclusion, wliich infers that gases behave in an opposite 

*&? to liquids, is also found to be in good agreement with 






The viscosity can be easily determined by blowing a cuntsnt 
of gas under a definite pressure through a nariYiw tube, 
«rom the viscosity the molecular free path and the total unigs- 
Kdioa of the molecules in a given quantity of gas may be 
fetermined. 

The following table gives some determmationa of tlio 
"iscoaity, ij, in milliontha of absolute units, the molecular froo 
psth, I, in 10~' cm., the total cross-section, Q, in sq. cm,, 
>iid the relative volume, V, of the molecules contained in 
1 cc. gas at 0° C. and 76 cm. pressure. The ex[iorimeutB 
i>eie carried out by Graham ; the table is from 0. E, Moyar'fl 
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VxW 



fi^^uTlffiBL 



JLuxunoxiE . . . 



<l#ITgBIi . . 



H jdrcCTD i4iVw=l^ 



MediTl dilocide 



EdiTl chkirMe 



141 



Water-npoor (15^ 



144 

105 
SC 

125 
95 

128 
97 



17-* 

7-1 
*5 



3^5 
*-4 

6-0 
7-1 
6-0 
6^ 
4-1 
4-4 
4-0 
4-7 
3-6 
4-6 
71 



9J«0 

3^900 
18.700 
42.500 
18.600 
19.200 
17,400 
29.300 
25400 
27.000 
27,100 
43.500 
40400 
43,900 
37,900 
•».300 
38.800 
24900 



(M8 
3-31 
3-93 
2-56 
8-76 
2-54 
2-66 
2-30 
5-01 
3-98 
4-44 
4-46 
9H)7 
8-03 
9-20 
7-36 
10-95 
7-64 
3-93 



If we suppose the molecules to be sfdierical, their relative 
Tolmnes are propoitixmal to the § powa of Uidr smfiaM^es. This 
l« tnie for the individual molecules, bat as 1 cc. gas at 0° & 
and 76 cm. pressure contains the same number of molecule^ 
independently <rf the nature of the gas, the sui£ace of 1 molecol' 
is proportional to the cross-section of all the molecules. Heac< 
the figures in the last column of the table, under the headiD 
V, found by raising the numbers given under Q to the power *■ 
i> give the relative volume of the molecules, assuming that th£ 
are spherical in shape. The cube root of the figures under 
gives the relative size of the diameters of the molecules, accordif 
to tlie same hypothesis. 

The mean free path does not alter very much ; it varies fro^i 
3*6 ten-milUonths of a centimetre for ethyl chloride to 17*8 U 
hydrogen. It is still greater for some monatomic gases, namel 
24 for helium and 34 for mercury, expressed in the same unit 
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If we divide the speed of the molecules by the mean free path, 
we get the number of collisions in one second. This quantity 
varies from 4*2 x 10* for oxygen to 9*5 x lO* for hydrogen, 
among the gases given in the table. 

The sum of the cross-sections of all the molecules in 1 c.e. 
at 0° C. and 76 cm. pressure seems to be very great It is nearly 
1 sq. metre for hydrogen ; for most of the other gases which are 
of simple composition it is about 2 to 3 sq. metres, for chlorine 
it nearly reaches the value of 4 sq. metres. For the most 
complex of the gases examined it is nearly 5 sq. metises. 

Up to this point the conclusions are fairly trustworthy, but 
if we wish to proceed further and calculate the real volumes of 
the molecules and their diameters, we must introduce some new 
hypothesis. Loschmidt and Lothar Meyer supposed that the 
leal volume of all the molecules in a gas is equal to the volume 
of this gas after condensation to the liquid state. This hypo- 
thesis evidently gives too high a value for the real volume of 
the molecules, for there must also be some interstices between 
the molecules in a liquid. Not only do these calculations give 
too high a value for the volume of the molecules, but also for 
their diameters. 

Another method consists in the observation of the deviations 
from Boyle's law. Van der Waals has given a physical inter- 
j pretation of these deviations, and represented it by the formula — 



(p + «)(^-6) = RT. 



Here h is four times the real volume of the molecules. From 
the determination of the relation between the volume and the 
pressure of a gas h may be calculated, and with it the real 
Molecular volume. 

There is a third method which gives still lower values for 
the volumes of the molecules, namely, the determination of the 
dielectric constant or of the refractive index of substances. The 
^eal volume v of the molecules in a gas is connected with the 
^electric constant K by the following formula : — 

K-1 

^ = ir+2 
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from the air. Therefore, if the helium did not flow away from 
the atmosphere as rapidly as it is produced, we might expect a 
much higher quantity of this gas in the air than that now 
observed (about a millionth of the total volume). And, further, 
if absolutely no helium escaped from the earth, the air should 
contain about 3000 times more helium than it does. 

The molecular speed of helium at 0° C. is 1*12 km. per 
second, about the tenth part of the critical speed for the earth's 
atmosphere. Observations of the temperature of the upper 
layer of the earth's atmosphere seem to indicate that from a 
certain height onwards the temperature sinks very slowly. 
Probably in the highest layers the temperature rises again, 
and, in the neighbourhood of solid particles of cosmical 
dust, it may even rise to between 50° and 60"^ C. on the side 
towards the sun. Even at that temperature the helium 
molecules would escape so slowly from our atmosphere (less 
than 1 cmm. — at 0° and 760 mm. — ^in one year) that they may 
practically be regarded as bound to the earth's atmosphere. 

According to the calculation of Cook, at 5° C. 10"^^ c.c. of 
helium (at atmospheric pressure) would escape in one year. 
Therefore Cook^ concluded that the helium must have 
already disappeared at the time when the earth was a gaseouJ 
ball of much less density and higher temperature than now (as 
e.g,y in the case of Jupiter). This conclusion must be supporter 
by a research showing that the total supply of helium fron 
springs during the period which has since elapsed has not beai 
greater than the present quantity of helium in the air. 

Stoney's hypothesis must, as will be seen from these cod 
siderations, be worked out much more fully than it is 
present^ But it gives a tempting explanation of the fact the 
the density of the atmospheres of celestial bodies generall 
increases with their mass. For instance. Mercury seems i 
resemble the moon and the pleuaetoids in lacking an atm^ 
sphere ; Mars has a very rare atmosphere ; Venus, about tb 
same as that of the earth ; and the large outer planets posset 
very dense atmospheres. Their low densities seem even ^ 

1 Cook, Nature, 1904, 69, 487. 

2 Cf. V. Smoluchowski, Fhyiih, Zeit, 1901, 2, 307 ; Rogovsky, -48<roi>AS< 
Journ.^ 1901, 14, 234. 



THEORY OF GASES 131 

e that they oonsist entirely of gaseous masses surrounflcd 
ids. 

the celestial nebulsB, where the gravitational forces — in 
iience of the tenuity of matter— are very small, the loss 
s by reason of their molecular movement probably plays 
b important roU. During this process the so-calleil 
-J decreases, whereas it increases on the denser celestial 
such as the sun (and other stars) and the planets, 
e of this it is possible that the entropy decreases just as 
n one part of the universe — the nebulse — as it increases 
:her part — the stars and planets — so that, on the average, 
ains constant. It is only in this manner that one can 
i^e why the processes going on in the universe have not 
^ come to an end. 



CHAPTEE X 

CHEMICAL KINETICS AND STATICS 

Eakly in the history of science it had been found that different 
acids have a very different affinity for the same base, and in 
this sense it was said that solphuric acid is the strongest of all 
acids, for by means of it it is possible to drive out all other acids 
from their salts. Chemists, therefore, in the eighteenth century 
had their chief attention directed to the construction of so-called 
" tables of affinity," in which the substances (e,g. different 
metals, hydrogen, carbon, etc.) were arranged according to their 
ability to replace each other in compounds (e.g. in oxides). 
The latter part of Berzelius' series is such a table, in which the 
metals are arranged according to their ability to replace each 
other from solutions of their salts. 

The opinions of the chemists of the eighteenth century were 
collated by the Swedish chemist Bergman, who collected the 
experimental knowledge of his time in a great number of tables, 
from which he drew general conclusions. He introduced tb^ 
two new conceptions of chemical substitution, i.e. the replace 
ment of one substance by another, and of double decora 
position, i.e. the mutual exchange of constituents between W 
compounds. 

Generally speaking, it may be said that the theoretical idea 
of Bergman prevailed till lately. The principal doctrine ii 
Bergman's system is that chemical processes are complete, an< 
never limited. This opinion is also the fundamental one of th 
thermochemical systems, of which the most elaborate is that c 
Berthelot. According to Thomson and Berthelot, of a numbe 
of possible chemical reactions, that one always takes place whic] 
is accompanied by the greatest evolution of heat. 



^ It is very 
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' It is veiy remarkable to note that, although Bergman (1783) 
Ippoaed that chemical force.1 are of the same nature oa 
?svitational forces, he nevertheless was alile to huihi up his 
lemical system. Of course he was not sullicietitly acquainted 
Itlt physics to understand the untenability of his position. 
bis the French physical chemist Berthollet pointed out. We 
id in his work (1803)^ the idea expressed that it" several acids 
t simultaneously on au instifficient amount of a liase, they 
ah combine with a part of it, the amount depending 011 their 
bities and tlieir relative masses. It is much to 1* deplored 
rt he regarded the equivalent weights as a measure of the 
rerse value of the affinities, instead of trying to determine 
im experimentally. In reality, he put forwanl the wholly 
Be hypothesis that all acids are of the same strength, if they 
I present in equivalent proportions. Berthollet regarded all 
ictions as incomplete, and introducetl the idea of " chemical 
ailibriura." For the equilibrium in a solution, it is of the 
^est importance to take into account whether any of the 
bstances easily separate from the solution in the gaseous or 
&d form, The portions which separate out have no influence 
ioa the equilibrium. 

The chemists who followed Berthollet were not sufficiently 
linwl in theoretical work to imderstand and further develop 
8 brilliant ideas. His contemporary Gay-Lussac, however, 
Drked on the same lines as Berthollet ; he supposed that if 
(0 or more salts are dissolved together in water, then all the 
Waible salts, that could be formed from the original salts by 
wble decomposition, exist in the solution. 

Rose also did not allow himself to be guided by the ideas 
(his time, but upheld the notion of a mass-action. He found 
Ata solution of a sulphide contains free sulphuretted hydrogen, 
hich could be driven off by boiling. He also showed that 
Eq^uantity of free sulphuretted hydrogen increased with the 
Bntity of water used as solvent. This case is thus a typical 
tople of chemical raass-action. 

According to him, the weathering of rocks furnishes us with 
ether example of this action ; e.g. felspar is decomposed 

j' Berthollet, " UiiterBUchiirigen m>er die Geaet.ze <Jer Venvandsdiaft ; " 
Wd's Klaniktr, Ko. 74. 
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in liquids. By using greater {nroportions^ of alcohol to 
equivalent of acetic acid, the quantity of this substance tr 
formed increases, and if the quantity of alcohol, expresse< 
equivalents, is 50 times that of the add, the latter is practic 
completely transformed when equilibrium is reached. 

Another reaction, in which two substances interact so 
both substances are transformed, is the saponification of e 
acetate by means of a base, such as sodium hydrate. This 
action is practically complete, so that the whole quantity ei 
of the ester or of the sodium hydrate is transformed accop 
to the equation — 

NaOH + CHaCOOCaHs = CaHgOH + CHaCOONa. 

This reaction is easily followed by titration, at del 
intervals of time, of the base still remaining. It was first stv 
by Warder,^ in 1881. Weak solutions (0*05 normal or less] 
to be used in order to give a reaction suflSciently slow to ei 

measurements to be made. The velocity of reaction, — -\ 

proportional to the concentration of the base, (A — x)^ ar 
the ester, also (A — aj), if the reacting substances are use 
equivalent quantities). 

The reaction-velocity is therefore — 

-J=K(A-./ 

where K is the velocity-constant ; this on integration gives 

--=-=K«; or-r-..-- ,= K^. 



A -a? A '"A(A-») 

Warder found the following values, A being 16 : — 

i (min.) % / K ~\ 41 L .r>— ^^ 

5 5-76 

15 9-87 

25 11-68 

35 12-59 

55 13-69 

120 14-90 

> Warder, Bet., 1881, 14, 1361. 



(A-«) 


«(A - »)- 


0-563 


0-113 


1-601 


0-107 


2-705 


0-108 


3-69 


0-106 


5-94 


0-108 


13-55 


0-113 
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Kesearches on this reaction have since been carried out on a 
large scale by Spohr,' myself,* and others. They all confirm 

the conclusions of Warder. 

This reaction is an example of the so-called bimolecular 
reactions, where two molecule-a interact. Properly speaking, 
the inversion of sugar is aluo a bimolecular reaction, becanae, in 
addition to the cane-sugar, water is used up ; but the water is 
present in such great excess that its quantity dof-s not sensibly 
alter during the process. Therefore it may be put as a constant 
in the equation, which iu tiiis way liecomes similar to that for 
so-called monomolecular reactions. 

A great number of bimolecular reactions have been studied 
by Hood^ (1878), Ostwald* (1884), Schwab^ (1884), van't 
Hoff= (1884), and others. 

The presence of neutral salts exerts a small influence upon 
the velocities of reaction ; in most cases they accelerate, but 
sometimes tliey retard, the reaction. An explanation of this 
effect is still wanting. 

In 1851, Williamson studied the reaction between ethyl 
alcohol and sulphuric acid, by which ethyl ether is formed. The 
sulphuric acid is not used up during the process, which is 
therefore catalytic. To explain the formation of the ethyl ether, 
Williamson supposed that at first an intermediate pi-oduct was 
formed, namely, ethyl sulphuric acid, which then regenerated 
aiilpliuric acid according to the following eqiiations : — 

CaHsOH + HaSO^ = CgHsOSOaOH -f HaO, 
HjO -j- 2CiiHaOSOaOH = CaHaOCaHB H- 2'RSOi. 

This process is therefore characterized by a continual change 
of place of the reacting atomic groups. In the same manner 
lie supposed that in a quantity of hydrochloric acid, HCl, a 
liydrogen atom does not remain combined with the same 
cUorine atom the whole time, but that a continuous interchange 
ttikea place. 

' Spohr, Zeii. phytikal. Chem., 1888, 3, 19i. 
' Arrbenius, Zeit. phytikal. Chem., 1887, 1, 110 ; 1888, 2, 284. 
' Hood, Phil. Mag. (6), 1878, 6, 371. 
' Ostwald, J. pr. Ohem., 1884, 27, 1. 

' Cf. van't Hoff, " Stiidien ziir. chem. Dynamik. bearb. von Cohen," 
pp. 4-26 (1896). J 
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wTpitati^ azki earfauute of baiiiiiii added at die begimiii^oftiie 



In 1S$S, tke Duidi thffmodiwoist JvL Thomaen earned 
«Q£ u ixLTest^^doQ on the eqvflibriiim existiii^ in a homo- 
geneous sjitem. He laade me of tfaennochemical measoie- 
menfis.^ If we neirtTaH» snlplmiie add with caoiBtic soda, 
both in Terr dihile aolntioii (1 giam equivalent dissolyed in 
1300 gnuns waterX the heat evc^red is 15,700 caL per giam 
eqaiTalent. If we in the same way neutralize one gram eqoi- 
Talent of monochloiaoede add, the heat of nentralization is 
14,300 caL If we now add 1 gram equivalent of sulphuric 
acid t49 grams) to a solntion of 1 gram equivalent of mono- 
chloracetate of sodium (117'5 grams), tiie evolution of heat 
should be 15Ji>J - 14,300 ^ 1400 caL, if the sulphuric 
add completely repboes the monochloracetic add. If no 
reaction takes place, no heat will be evolved. In reality, we 
find an intermediate value b^ween these two extremes, namely, 
1183 caL (s 0-845 x 1400X This indicates that the sul- 
phuric add is neutralized to the extent of 84'3 %, and that 15*5% 
of the sodium monochloracetate remains intact. There exists, 
therefore, a chemical equilibrium between sulphuric acid (15*5 % 
sodium suljdiate (84'5 %), monochloracetic acid (84*5 %), di^^ 
sodium monochloracetate (13*5 %). Thomsen then asserted 

• 

that the strength or "avidity" of the sulphuric add ^^ 

84*5 

Y^T^r = 5*44 times greater than that of the monochloracet^^ 

acid. 

Instead of the heat of neutralization, it is possible to t3^^ 
any other property which alters on neutralizing acids wi-'^ 
bases, for the investigation of t^e relative avidities of acids »^ 
of the corresponding property of bases. Ostwald* made t^ 
of the change of volume occurring on neutralization, which vcl^ 
be measured simply by determining the specific gravities 
solutions of one gram-molecule of acid, base, and salt in 1, 
and 2 litres of water respectively. Another property used "1^ 
(Jstwald* wfiU3 the molecular refraction of the same solutiot^ 

» ThonMen, Ann. Physik u. Chem. (2), 1869, 138, 66. 
a OHtwald, J. pr. Chem. (2), 1877, 16, 385. 
3 JUd.y 1878, 18, 328. 
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Wf mwDS of these different methods a great mimljer uf data 
f^ardisg the relative avidities of acida and bases havu been 
tollected. 

The disciisaioa of theae data will find its proper place later 
pn in the coQsideration of the theory of electrolytic diaaociatioii. 
tt may suffice now to state that, according to these determina- 
jaoDs, the chemical equilibria which exist in these cases are in 
(ccordance with the theory of Gnldberg and Waagt'. 
' The classical example of equilibrium in a homogeneous 
^lution is that studied by Berthelot and P6an de St, Gilles and 
deferred to previously. They found, as pointed out liefore, that on 
i^dmg one gram-molecule of acetic acid to one gram-molecule of 
tetliyl alcohol, equilibrium is reached as soon as these are trans- 
formed to the extent of two-thirds into ester and water. This 
corresponds to the equilibrium equation — 

4(p - x){X ~x) = 3?, 

iwherep is the number of gram-molecides of alcohol added, the 
iqiifintity of acetic acid added being one gram-molecule, and x 
jiBtlie number of gram-molecules transformed. If p = 1, equi- 
llibrium is reached when x = % and p — x = 1 — x = li, by 
'Which value the equation evidently is satisfied. 
' In 1877, using this equation, van't Hoff' calculated x for 
different values of p, and compared his results with the results 
tf the measurements made by Berthelot and P4an de St. Gilles. 
le thus found the following calculated values, tabulated at 
tie side of the observed values, corresponding to different 
hantitifa of p : — 



p 


«uta 


««ta. 


y 


«,!», 


P-Jc, 


05 


0^05 


0^049 


la 


0^792 


0-785 


18 


0-171 


0^171 


2 


0^855 


0^845 


■28 


0-226 


0232 


3 


0^89 


0^902 


■33 


0^293 


0311 


4 


090 


093 


■50 


0^422 


0^423 


8 


097 


0^95 


■67 


0^533 


©■528 


12 


093 


0^98 


■0 


0^670 


0^667 


19 


0^95 


099 



if y e except the last figures, the agreement between the 
> Van'l Hoff, Ber., 1877, 10, CC9, 



CHAPTER XI 

THE INFLUENCE OF TEMPERATURE AND PRESS UR. 

DISSOCIA TION 

In the study of the so-called " abnonnal " vapour densities \ 
have already found that some molecules, for instance those 
ammonium chloride, are split up into two (or more) simpl 
molecules on raising the temperature. This process is call 
dissociation. The laws of dissociation were first studied 
St. Claire Deville. Dissociation is a so-called reversible proce 
i,e, on lowering the temperature the products of dissoc 
tion re-combine. A chemical equilibrium exists between i 
original molecules and the products of their decomposition, a 
the study of the laws of this equilibrium may be eflfected 
the help of thermodynamics. This study has been very fruit 
for theoretical chemistry, and we will, therefore, consider 1 
phenomenon of dissociation a little more in detail. 

The simplest case of dissociation is that presented by 
molecules of iodine, which at low temperatures are compo 
of two iodine atoms and at higher temperatures are split 
into simple atoms, as the molecular weight determinations 
Victor Meyer ^ and Crafts,^ have made evident. They for 
the following vapour densities at the pressures 0*1, 0*2, 0*3, « 
0*4 atmospheres and at the given temperatures, referred to ai 
the same pressure and temperature : — 



Temp. 


p = 01 


p=0-2 


l> = 0-3 


p = 0-4 


650° 


8-8 


8-8 


8-8 


8-8 


800° 


7-42 


7-88 


8-21 


8-52 


900 


6-58 


7-22 


7-45 


7-78 


1000 


5-95 


6-72 


6-83 


7-15 



1 Meyer, ^er., 1880, 18, 394. 2 Crafts, Compt. rend., 1880, 90, 1^ 
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t™.p 


1, = 01 


,-M 


, = 011 


,.m 


1100 


5-40 


600 


6-24 


6-44 


1200 


4-92 


5-36 


5-62 


5-82 


1300 


4-6 


4-82 


5-02 


5-26 


1400 


4-5 


4-54 


4-73 


50 


1500 


4-48 


4-52 


4-61 


— 



The density 88 corresponds to the molecular weight la = 254, 
the density 4-t to the total dissociation into atoma, T = 127. At 
lemperatorea fram 350° to 650° no appreciable dissociation takes 
|>]ace; at 800' already about 30 % of the molecules are dissociated 
at the lowest pressure, but only 21, 14, and 7 % respectively at 
tlie higher pressures. At higher temperatures the dissociation 
increases very rapidly; up to al>out 1200° the increase in the 
"degree of dissociation," i.e. in the fraction of dissociated mole- 
cnlea, is about 15 % for an increase in temperature of 100°. 
At higher temperatures there are not many molecules remaining 
to be dissociated, therefore the degree of dissociation now 
increases slowly witli temperature, and at about 1600'' C. the 
dissociation may be regarded as practically complete. 

Already in 1869 Horstmann^ had deduced by means of 
thermodynamics that for the equilibrium expressed by the 
(qufttion — 

Tir % 21, 
the following relation must hold good :— 

(Cone, of la-molecules) = const X (cone, of I-molecules)^ 

This relation may be deduced from Guldberg and Waage's 
law, and also from kinetic considerations, in the following very 
'imple manner. The number of la-molecules which are decom- 
pflsed in a second is proportional to the concentration of these 
■iiolecules, and the number of Ij-molecules re-formed from two 
I-moleculea is proportional to the number of collisions per 
Sfleond between the latter, and this number is, as may easily 
lie seen, proportional to the square of their concentration. 
When equilibrium is reached, no increase or decrease in the 
number of la-molecules occurs; and therefore the number of 
Vwolecules decomposed in unit of time must be equal to the 
' Horrtraann, Ber., 1869, 2, 137. 
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A riruitfr example of dissociation increasing with the tem- 
ww giTen pceTioiislj (p. 114), namely, the decom- 
MBCL^a of asiTfene hTdrobiomide into its two components, as 
sit* va ?T ihe i&Teedg^tions of Wnrtz. 

A iiasrasiGba process^ which has been used from the most 
6e ir3to» S.MT producing quicklime, is the decomposition of 
.-:&rvQiise. CaCO;^ into quicklime, CaO, and carbon 
L»'x?if. »-^*-V T^^ pcocess was studied by Debray.^ In this case 
w; lufcT^ 4 ;!(^^-:LlLed heterogeneous equilibrium with two solid 
rciie!e» C40.\ 4n%i CaO) and one gaseous phase (C02).^ The 
j?ttwi'(2f rcufcie ccos&«Gs of <Mie kind of molecules only, and just 
^ ^ I2»f .nkse is. she eT;ipi]cauon of a liquid, for instance water, 
;i:<r3ti>£y3ift2ics requires that at a given temperature the 
TCKiPir^ ^-c *i* c» v^*"^*^ COa) shall have a definite value. At 
<»^^* 0.. 40:^ rwfiSKzre ^' is inappreciable, at 610° C. it is 46 cm., 
a: "'t^* v^ i:>*^ v'SL. And as Sdo"^ C. 133-3 cm. Hg (according to 
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T^jscctir.v.rairLx-^ requires for Uus case that — 

S: 11^9 T* 

«>.o(c^ W :> ihe heift: of dts5c«ciaUony and T the absolute tem- 
j-ifcft:';::^. A v*Ic::U5i«>n of W firom the dissociation pressures 
ai T-k^' «k; S^^* C« using the above equation, gives 
W = 2Si AV caI v^,T50 caL accocding to Debray's data), which 
;s ;r. Avry gsx>i 4^47>^ment with the value found directly, namely 
:-.\ScV oal. ^accoTviiw to Favte and Silbermann). 

SvvoalW niv^l^^ular compounds of salts with water or am- 
:«vMiia behaw in exactly the sune way. Debray ' investigated, for 
;n$i;*noi\ the x-aivur-pwssuie of XajHP04.12H20. This pressure 

» lVbr*v, toy^jrf. rr^tid^ IS6T, e4» ^>3w Cf. Le Chatelier, Compt rend.^ 

^ An ^nilibnum b^ween substances in a homogeneous system is usually 
formed A ** homoigen^ous equiUbrium." The coneqranding name for eqoili- 
l^rium in ji hoteiv^^^neous system is *' heterogeneous equiKbrium." Gibbs 
cUlod the homogeneous |virts of a heterogeneous system the " phases " of 
that sx^teuu In the equilibrium between ice, water, and water-vapour at 
0*^ C^ there are three phases—one solid (ice), one liquid (water), and one 
gaseous (water-vapour), 

» Debray, CompL rend., 1868» 06, 194 
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was constant as long as there was more water than corresponds 
to the formula Na2HP04.7HaO. If the quantity of water sank 
helow this, the pressure became much less. Na2HP04 crystallizes 
with 12HaO at low, and with 7H2O at high temperature. The 
vapour-pressures are given in the following table : — 

Temp. = 12-3 16-3 20*7 249 31-5 36-4 40-0 

Na, HP04 + 7-12H,0; a= 7-4 99 141 182 302 
Na,HP04 + 0-7H,0; 6= 48 69 9*4 12-9 21-3 305 412 
Water c = 10*64 1377 18*13 23*38 34-33 45-13 5486 

-= 0-71 0-72 0-78 0-78 0*88 
c 

- = 0-46 0-60 0-52 0-65 0*62 068 0-75 
c 

If a salt-crystal (with water of crystallization) has a higher 
vapour-pressure than the vapour-pressure of the surrounding 
atmosphere, it loses its water of crystallization, which phenomenon 
is caUed efflorescence. On the other hand, if the vapour- 
pressure of the atmosphere is higher than that of the saturated 
solution of the salt, the salt absorbs water from the air and dis- 
solves in it ; such salts are said to be deliquescent. 

As will be seen from the above figures, the relative values 
of the vapour-tensions of the two salts Na2HP04.12H20 and 
Na3HP04.7H20, compared with that of pure water, increase 

steadily with the temperature. At about 52° C. - will reach the 

value 1, and at about 65° C. - will reach this value. At higher 

temperatures - (above 52°) and - (above 65°) would be greater 

c 

than 1, i.e, the salts would have a greater vapour-tension than 
water. At temperatures above 52° C, if a crystal of NaaHP04.- 
I2H3O were placed near to, but not in contact with, a drop 
of water, water would distil from the crystal where the vapour- 
pressure is higher, to the water-drop where it is lower. In other 
words, the crystals of Na2HP04.12H20 would not be stable above 
52° C, but would lose water and form NaaHP04.7H20. (In 
reality they melt at a lower temperature, 35° C. according to 
Tilden.) In the same way crystals of the latter salt are stable 
only up to 65° C, above which temperature anhydrous Na2HP04 
is alone stable. 
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between electrical conductivity and chemical reactivity. Gtore ^ 
found that pure anhydrous hydrochloric acid does not (appre- 
ciably) attack oxides and carbonates; also it is practically a 
non-conductor of electricity. Similarly, one can understand why 
concentrated sulphuric acid may be transported in iron vessels, 
whereas diluted sulphuric acid attacks them very rapidly. 

The active, molecules of the electrolytes were supposed to 
correspond to the molecules which, according to the hypothesis 
of Clausius, are exchanging their ions. 

In 1885 van't Hoff * published a memoir on the analogy 
between the gaseous and the dissolved state of matter. Before 
this time it was known that substances in very dilute solutions 
show regularities which remind one of the behaviour of gases. 
Thus, for instance, we find some general remarks on this 
matter in the works of Horstmann and JuL Thomsen. But 
van't Hoff was the first to throw a clear light on this subject 

Saoult ^ had found, that on dissolving different substances 
in the same solvent, the freezing-point of the solvent is lowered 
proportionally to the number of molecules dissolved in 100 grams 
of the solvent. He represented his results by the expression — 

(tt = 0-63n 

where SJL represents the lowering of the freezing-point in 
degrees C, and n the number of gram-molecules dissolved in 
100 grams of the solvent. The results obtained with water as 
solvent were not in good agreement with this equation. Later 
on van't Hoff showed that Eaoult's equation was not correct. 

On the other hand, Baoult * found that the vapour-pressure 
J) of a solvent was lowered to 'p\ on dissolving one gram- molecule 
of a non-volatile substance in N gram-molecules of the solvent. 
These quantities were connected with each other by the following 
simple law : — 

1 Gore, Froc. Roy. Soc,, 1865, 14, 204. 

2 Van't Hoff, Kongl Svemka Vet, Akad. Handlingar, 21 (1885) ; Zeit. 
physikal Chem., 1887, 1, 481. 

3 Raonlt, CompU rend., 1882, 94, 1517; 05, 1030; Ann. chim. phys., 
1883, 28, 137. 

* ]bid.y 1885, 103, 1125; 1887, 104, 976 and 1430. 
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Thi» law was afterwards foaod to be exact ; it was becatuo 
of its great simplicity tliat Raoult was enabled to discorer it oa 
purely experimental grounds. 

Goldberg ^ had already, in 1870, from tberiDodyD&iuiciil con- 
siderations, deduced the connectioD between the lowerings of tbe 
vapoui-teDsion and of the &eeziDg-point. If Kaoult had been 
cf^mzant of Guldberg's work he would have been able to deduce 
the correct law for the freezing-point. However, being unaware 
of the previous theoretical work, he only establislied tlie fact 
that there was proportionality between the two loweriuga (1878). 
Later on he also found proportionality Iietween these lowerings 
and the rise in the boiling-point of a solvent prodticed by dia- 
solving a non- volatile suhstance in it. 

Finally, the plant-physiologists had drawn attention to the 
power possessed by cells of sucking in pure water from a sur- 




FiG. 18.— PlBUt cellB, a('c;ording to De Vries. 

rounding weak salt solution. Wlien this solution reached a 
certain concentration, equilibrium was established, and no water 
entered into the cells. The solution and the cell-content were 
then said to be " isotonic." If the solution were still more con- 
centrated, water passed from the cells to the solution ; the 
protoplasm contracted and did not fill out the surrounding cell- 
ivall (see Fig. 18, A, B, C). This could be observed under the 

' Guldberg, Compl. rend., 1870, 70, 1349. 
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experiments that the equation of van't HofiF agrees with ex- 
perimenty whereas that of Baonlt often gives very incorrect 
results (of. p. 158). 

For the rise in the boiling-point the same equation is valid, 
but then W represents the heat of evaporation of 1 gram of the 
solvent. 

By the help of these equations we may determine the mole- 
cular weights of all substances which can be dissolved in a 
SQlvent whose freezing-point or boiling-point is at an accessible 
temperature. 

As examples of the laws mentioned, the following figures 
may be cited. The theoretical value for the relative lowering 
(J) of the vapour-pressure of ethyl ether (mol. wt. = 74) on 
dissolving one gram-moleeule ( = M grams of a substance) in 
1000 grams of ether is 0074 The value found is — 




Perchlorethane, CaCle . . 
Methyl salicylate, CsHgOa 
Methyl azocuminate, CaaHaeO 
Cyanic acid, CNOH . . 
Benzoic acid, C7H6O2 . . 
Trichloracetic acid, C2HO2CI3 
Benzaldehyde, C7H6O . . 
Capryl alcohol, CsHisO 
Cyanamide, CN2H2 . . . 
Aniline, CeHvN" .... 
Mercury diethyl, CiHioHg 
Antimony trichloride, SbClg 



4N: 



I. 



237 


0071 


152 


0071 


382 


0068 


43 


0-070 


122 


0-071 


163-5 


0071 


106 


0072 


130 


0073 


42 


0074 


93 


0071 


258 


0068 


228-5 


0067 



The mean value is 0071, in fairly good accordance with the 
theoretical one. Such mean values for different solvents, and 
calculated according to Eaoult, are given in the following 
table. One gram-molecule was dissolved in one hundred gram- 
molecules of solvent, The theoretical value = 0*0100. 
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Solyent. I, 

Water 00102 

Phosphorus trichloride 00108 

CSarhon disulphide . . 0*0105 

Carbon tetrachloride . 0*0105 

Chloroform .... 00109 

Amylene 00106 

Benzene 00106 



SolTent. 

Methyl iodide 
Methyl bromide 
Ethyl ether . 
Acetone . . 
Methyl alcohol 
Ethyl alcohol 
Acetic acid 



00105 
00109 
00096 
00101 
00103 
00101 
00163 



The deviations fall within the limits of experimental error, 
except in the case of acetic acid as solvent. But this exception 
proves the rule, for the molecular weight of acetic acid in 
the form of vapour, at the given temperature, is 1*62 times 
that calculated from its chemical formula, and the theory 
demands that the molecular lowering shall be greater in the 
same proportion. 

The following table gives the mean of the molecular rise (E) 
in the boiling-point produced by the solution of one gram- 
molecule of a substance in 100 grams of solvent. Solutions of 
salts and organic acids are excluded. 





Rolw. 


Limits. 


Rcakj. 


Water 


50 


4-8-5 -3 


5-2 


Acetic acid 




24-9 


24-7-25-0 


25-3 


Ethyl alcohol 




111 


10-3-11-8 


11-5 


Chloroform . 




35-6 


34-5-36-2 


36-6 


Benzene . . 




25-5 


24-4-27-2 


26-7 


Acetone . . . 







17-18 


16-7 


Ethyl ether . . 




1 


21-22 


21-1 


Carbon disulphide . 


1 


22-24 


23-7 


Ethyl acetate . . 


1 
1 
1 


25-26 


260 



The salts give too great a rise if they are dissolved in 
water, acids, or alcohol. This is due to electrolytic dissociation 
(see next chapter). The acids dissolved in benzene, chloro- 
form, etc., give too low figures. They are therefore regarded 
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tbe Tftpciir-pccaEcre is les tiun loooids with Baoolt's law. 
I: IK disc^T-^ sa'^tance has a high Taponr-pressme com- 
p&r*d viui lia: of lb? solrent, ^^. if alcohol is dissolved in 
wuer, h zaj Lapwn that an increase in the vapoiir-pressure 
instead of a lowerinz is obaerred. 

SimilaziT, if the solute enters into solution in the solid 
sdTeci. ihe oaserred lowenng (rf the fieezing-p(Hnt is less than 
Tan't SoiTs law <^*»gnaTwi« md it sometimes happens that the 
frietris-fotiz rises ix^cead of &IIs. 

Bui xLese apparent exceptions .to the laws of van't Hoff and 
Ea«:*^: are easilT explained, and have little importance compared 
will :be exceptions shown by the solutions of electrolytes 
I salis^ scrc'ng acids and loses;. These all give a greater lowerii^ 
of the freezing-pijint than that calculated according to van't 
HzfTs law. It is not possible to give an explanation by 
ajs^TT-ny the existence <^ solid solutions, any more than by 
assTiziiiig t&at complexes are focrned in the solution by the 
moIec::les aggregating together, for in both these cases the 
ottserred lowering ol the freezing-point should then be less than 
the calculated one. 



CHAPTER XIII 

ELECTROLYTIC DISSOCIATION 

Elsctrolttes in solution behave similarly to substances with 
too high vapour-pressure, for instance, NH4CI, the behaviour of 
which was explained by assuming that they are dissociated to a 
certain extent. Hence, we might try to explain these excep- 
tions to van't HofTs law by the assumption of a partial 
dissociation. We have seen that the molecules of electrolytes 
contain two kinds of molecules, inactive and active, and that 
the latter are characterized by an exchange of their ions, which 
lecaUs the phenomenon of dissociation. It is possible to calculate 
the number of the active molecules in a solution, e,g. a normal 
solution of sodium chloride, by comparing the conductivity of 
a gram of NaCl in it with the corresponding conductivity 
at a very high dilution. The quotient gives the relative number 
of active NaCl molecules, or, as we might also say, the degree of 
dissociation. This degree of dissociation is, if calculated from 
the measurements of Kohlrausch,^ found to be 0*75. If we 
proceed in this way, we must therefore suppose that the solution 
of NaCl contains only 0*25 gram-molecule of NaCl, and 0*75 
gram-molecule of Na, and an equivalent quantity of gram- 
molecules of CI, making in all 1*75 gram-molecules. Now, 
the freezing-point of a normal solution is, according to van't 
Hoflfs equation, — 1*85° C. We should, therefore, expect to find 
a lowering of the freezing-point of water (0° C.) 1*75 times 
greater than that calculated, that is, 175 (-1-85) = -3-26^ C. 
This, as a matter of fact, is exactly the freezing-point of a 
normal solution of NaCl. 

1 Kohlrauscb, Ann, Fhysih. u, Chem, (3), 1879, 0, 1. 



TB^JOIES '.".- CHEJltSTRY 



nftinnfn Sv whid B«Mt&: hfti doiainiiaal die beezii^- 
Mii. Sv vfaiciL -^t aatiaeavxf vas buws. ^^kt vac i 
tn neadT sH d^ tsKs I faond a TO^ 
L dK nin^nfjrnf aid de 'jfaHoned tiIq 
die frnziair^tHiiEa, viiirii Mowd » siov Au the eli 
iTTiicany 'wndaesnz iaa^Bea «e tfiBoesued so a laige t 
in dieir aqoeoiB nlinnns. Ik sofae fev cu» a div^ 
fxised bsweea "itt ooaerrai vafcKs ^^ die f icEiii ^-poip 
:fae — r-nlMni values. >imved frsn. die efeccrical ooodocc 
I' oammai these e 
MIS move eke^, vit 
■^-^ leaob tlm. 891^ the i 
•)been«d vahi^^ the a 
menc vas ss good as if. 

Ej also true fi:^ electrc 
diaBi^Tcd in odia sob 
and gnii^ deetafallT 

viics some Raines of 
Dk^eeolar dejaessHHi o 
&eeziiig-pofiit, axA s 
that at the concentiat 
the theominl Talne \ 
tuned, 

Xov «c may make 
following objectMxi ; L 
oa^e of ?ttbetanc«s exhibitii^ an " at««inallj' " higli va] 
pKSsore, ic has be« sfaovn that it is poe^Ue to part 
a^onte their prodncts (^ dissociation. Why does no 
analogoiis exp^imem with dissociated dectToIjtes lead b 
saaw result \ 

We may analyze this qneetitn a lictle mue in detaiL 

lay^ vA. pure water is placed over a stdotitn (rf sodinm chl 

ctMttained in a cylindiical tvssd, the chloiine itms wil 

Kohbauiseh's %ures i<x th« coDdQcdvity dtow, difFbse i 

> Anb^Rioa, Ztii. pikyaikmi. CUm^ 1897, 1, 631. 
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1'5 times more rapidly than the sodium i«»us. Ttiorefi'n^ we 
may expect that after a short time there will be a sli^^ht excess 
of chloriiie ions in the water above, and an e«iuivaleut exce.'vs of 
dodiom ions in the solution below. Now, tlie i«>us carry their 
dectrical charges with them, so that the water ab^ve should 
become charged negatively, and the solution below it positively. 
Because of this electric charge, the negative chlorine ious are 
held back, and the positive sodium ions attracted upwards 
from the solution, with a certain force. If the force driving 
the ions before the electric charge was called into existence is 
F (this force depends on the osmotic pressure of the ions), and 
the electric force is A, then the force driving the chlorine ious 
is represented by F — A, and that driving the sodium ions is 
F + A. As soon as F + A is 1*5 times greater than F — A, 
as many sodium ions as chlorine ions will enter the water 
above in unit time. It is not difficult to calculate the quantity of 
electricity and of chlorine ions, which are necessary for this effect. 
We find that (in a cylindrical vessel of 10 cm. height and 10 cm. 
in diameter) the billionth part of a milligram of chlorine ions is 
sufBcient. By chemical analysis it will never be possible to detect 
this quantity, which, however, can be easily recognized by elec- 
trical means. It was exactly in tliis way that Nemst ^ calculated 
the electromotive force of concentration elements consisting of 
two differently concentrated solutions of the same salt between 
two unpolarizable electrodes. The electromotive force of certain 
concentration elements had already been calculated by Helm- 
holtz ^ in 1881, from considerations based upon thermodynamics. 
Nemst's calculation agrees with that of Helmholtz, if in tho 
equations which contain the vapour- pressure of the solutions 
this quantity is expressed as a function of the concentration, in 
accordance with the law of Eaoult, The theoretical deduction of 
Nemst has the advantage over that of Helmholtz, that it is 
based upon easily manipulated kinetic considerations. On tlio 
other hand, that of Helmholtz is valid for all concentrations ; 
that of Nemst only for dilute solutions. 

The objection referred to above probably hindered an earlier 

' Nemst, Zeit. phy$%kal Chem,, 1888, 2, 617 ; 1889, 4, 129. 
2 Helmholtz, Sitzungsber. d. Berl, Ah d. Wis8,y July, 1882 ; OesammeUe 
Ahh, II., 979. 
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acceptance of the hypolhesiB of a dissociated state of the 
electrolytes, to which, for instance, Yalson and Bartoli inclined. 

The combined themes of osmotic pressure and of electro- 
lytic dissociation have foond a wide-reaching application in the 
short time of their existence. This can easily be understood if 
we take into consideration that by means of the laws of 
osmotic pressure we are able theoreticiJly to foresee the properties 
of all kinds of (not too concentrated) solutions, whereas formerly 
only gases (which play a far less important role than solutions) 
could be subjected to theoretical treatment by means of their 
equations of condition. By the introduction of the theory of 
electrolytic dissociation, the numerous electrical phenomena were 
brought into intimate connection with the general laws of matter, 
and with the laws of the velocity of reaction. The simulta- 
neous introduction of these two theories in general chemistry 
covered so wide a field, that many authors were thereby caused 
to forget that a theoretical chemistry had previously existed. 
On the other hand, some scientists considered the development 
to be going on with too great a speed, and believed it possible to 
reject all the new ideas without feeling that they consequently 
lost the old solid groundwork of accepted fundamental con- 
ceptions. 

Here I can only give a very short risume of the new 
domains, which have been opened to theoretical treatment by 
means of these advances.^ 

The most general and wide-reaching of the consequences of 
the hypothesis of electrolytic dissociation is that the properties 
of a very dilute solution of an electrolyte ought to be additive, 
that is, equal to the sum of the properties of the solvent and of 
the different ions into which the electrolyte is decomposed. 

Now, it is well known that such additive properties are also 
found to a great extent in the case of substances which cannot 
possibly be regarded as dissociated. Thus, for instance, the 
fundamental law of the conservation of matter, formulated by 
Lavoisier, says that the mass of a compound is exactly equal to 
the sum of the masses of its constituents. (In reality mass is 

* Cf. the text-books of Ostwald, Nemst, Arrhenius, Colien, Jones, Jahn, 
the lectures of van't HoflF, etc., in which the newer developments are fully 
treated. 
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the only absolutely additive property of matter.) The extremely 
accurate examination of this law by Landolt, who some few 
years ago believed that he had found some very small, but, 
nevertheless, not unimportant exceptions to it, have finally 
resulted in a perfect proof of the accuracy of Lavoisier's concep- 
tions (see p. 14). 

There are other such properties, which are only approxi- 
mately additive; for instance, the molecular volume of a com- 
pound may be regarded as the sum of the atomic volumes of its 
components. Tliis law was found by Kopp to hold approxi- 
mately for organic compounds, their volumes being measured 
at the boiling-point, and by Schroeder for salts of analogous 
composition, as, for instance, the halogen compounds of 
the alkali metals. The pecaliarity of an additive property is 
that the exchange of one atom for another, e,g. Na for K, is 
always accompanied by the same quantitative change in the 
property. To illustrate this the following figures of Schroeder 
for molecular volumes (i.e. volumes of a gram-molecule) at 
20° C. may be used : — 

KCl, 37-4 KBr, 44*3 KI, 54*0 Br - CI = 69 I - Br = 97 
NaCl, 27-1 NaBr, 33-8 NaT, 43-5 Br - 01 = 6-7 I - Br = 9-6 

Diff. 10-3 Diff. 10-5 Diff. 10-5 

In this case, evidently, the atomic volumes of K and Na may 
be expressed by two numbers which differ by 10"4 units. 

The specific gravities of aqueous solutions are closely con- 
nected with the molecular volumes of the substances in solu- 
tion. As long ago as 1870, Valson ^ had found that for all salts 
(not only for those of analogous composition) the specific 
gravity of the aqueous solution is an additive property in regard 
to the constituent ions (he called them radicles). He found the 
same to hold for the surface tension of salt solutions, which 
property, in later times, has been more thoroughly investigated 
by Bontgen and Schneider,^ who verified the results of Valson. 
The latter was so strongly impressed by these regularities, that 

* Valson, Qompt, rend., 1871, 73, 441 ; Ann. chim. phys, (4), 1870, 
20, 361. 

« RSntgen and Schneider, Ann. Physik. u. Chem. (3), 1886, 29, 202. 



176 THEORIES OF CHEMISTRY 

chloride formed firom them according to the equation of 
equiUbrium— 

Ag + ci^tAgCl 

shall exceed the soluble quantity of this salt. 

Ostwald^ has treated this and similar questions in detail, 
and has given an exposition of the general phenomena of 
analytical chemistry, which previously lacked an exact scientific 
foundation. 

To this chapter belong, also, the poisonous and curative pro- 
perties of certain salts ; such an effect may be considered as a 
special physiological reaction of these salts. Thus, for instance, it 
lias long been known that equivalent quantities of different potas- 
sium salts exert the same poisonous effect (if the accompanying 
negative ion is innocuous), and that equivalent quantities of 
different salts of quinine possess the same curative power. In 
these two cases the salts may without noticeable error be regarded 
as wholly dissociated into their ions, after they have been 
dissolved in the humours of the body. In other cases, as, for 
instance, for salts of mercury, the electrolytic dissociation is 
very small, and not the same for different salts, even at the 
great dilution in which they are present in the body. These 
cases have been treated with great success from the point of 
view of the electrolytic dissociation theory by Kronig and 
Paul,^ Kahlenberg,^ Loeb,* Clark,^ and others. 

A property which is of physical character, but is much 
used by the analytical chemist, is the colour of solutions. It 
has been subjected to a thorough investigation by Ostwald. To 
begin with, we will trace how a compound, t,g, fluorescein, 
CaoHiaOs, behaves if we replace its hydrogen atoms by other 
atoms, such as metals, halogens, or atomic groups such as NO2. 
The curves in Fig. 21 indicate the positions and strengths of 
the absorption bauds in the absorption spectra of solutions of the 

* Cf. Ostwald's ** Scientific Foundations of Analytical Chemistry." 

* Rrbnig and Paul, ZtiU phyzikal, Ckem., 1896, 21, 414. 

' Kahlenberg and True, Bot Q<w. Chicago^ 1896, 22, 181 ; ZeiU 
physikdl. Chem.y 1893, 12, 473. 

« Loeb, Pfliigers Archiv., 1897, 69, 1 ; 1898, 71, 457. 

* Clark, Jour, jphysikal, Chem., 1899, 8, 263 ; 1901, 5, 298. 
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correspoQiiiDg compomida. A replacement of two atoms of 
hydrogen by two atoms of potassium in fluoreacein itBelf 
(that is, the formation of a potassium salt from the acid) com- 
pletely alters the absorption spectrum. Instead of a single 
absorption band in the blue for the acid, wo find two absorption 
bands in the blue and the blue-green part of the spectrum for 
the salt. A similar observation may be made for tetraiodofluo- 
rescein (eosiue) and its potassium salt. The reason of this is 
that both fluorescein and eosine are dissociated only to a slight 



Fluoreectin, H„ 
Fotasaimn sail. K,II„ 
DIcblor nnoretc, N'aClfH, 
Tetrabromfluor.. K,Br,H, 
TettsioJofluor., I,H, 
Tetraiodoflnor salt, K,r,H, 
Diethyl telwiodoflnor., (C,II,),I,H, 
Tetrabrom-diohlorfluor., K,Br,Cl,H, 
Tetraiodo-diobloifluor., K,I,C1,H, 
Telrrtbniin-dmitroflaor., K,(IfO,),Br,H, 




21. — AbBorption Bpcctm of 11 



dcriTativog (W. Vogel). 



extent, bo that their solutions give the absorption spectra of the 
respective compounds, and not of their negative ions ; the salts of 
the alkali metals, on the other hand, are almost completely dis- 
sociated into their ions at the high dilution used in these in- 
vestigations, and therefore their solutions show the spectra of 
the negative ions (the ions of the alkali metals having no 
appreciable absorption in the visible part of the spectrum). 

In general, exactly as in the two cases discussed, the figure 
shows that the absorption spectrum changes in a very marked 
manner with the smallest chemical change in the absorbing 
molecules. 

It might therefore bo expected, according to the old 
view, that the replacement of hydi-ogen by a metal in per- 
manganic acid, or of a negative radicle by another in the salts 
of pararosaniline, would completely change the character of their 
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As a matter of fact, the laws of eqailibrium have found a 
much wider and better application in this branch of science 
than in the case of gases. 

The weak bases, c.^. ammonia and its denvatiYes, behave in 
exactly the same manner, as Bredig ^ has diown. Bat the most 
strongly dissociated substances — salts, strong acids and bases — do 
not behave nearly so regularly. There is no donbt that at very 
high dilacions these substances follow the gas laws, but even 
in 0*01 normal solutions deviations from the simple laws are 
found, which thereby lose their practical value for calculations. 

In this example we^have considered the* simplest case of 
equilibrium, where the two ions are present in the same con- 
centrations. It is easy to introduce the one ion in excess ; for 
instance, by adding an acetate to acetic acid. As follows 
firom the above equation, the concentration of the H-ions will be 
reduced in nearly the same paroportion as that of the acetate 
ions is increased, for in solutions of moderate dilution nearly all 
molecules of the acid remain undissociated, i.e, the concentration 
of the undissociated molecules HA remains nearly constant. 
By the aid of catalytic processes it is possible, as will soon be 
seen, to determine the concentration of the H-ions. The 
results of observations show a very good agreement with the 
calculation.* 

Further, the general law of equilibrium between any given 
number of electrolytes is easily deduced in the same manner. 
A simple case of this general equilibrium has been treated 

* Bredig, Zeit. physOnl. Chem., 1894, 18, 289. 

* Cf. Arrbenios, Zeit. pkysikal. Chem., 1890, 5, 1. 
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experimentally bj Thomsen and Ostwald, and concerns the 
so-called ayidity of acids. Equivalent quantities of two acids 
and ona base are mixed ; an equilibrium establishes itself 
betwo^Hpe two adds and the two possible salts. Their relative 
quannH^ may be determined in the manner described on 
p. 142. The proportion of the two salts formed is called the 
relative avidity of the two acids. For instance, if 100 c.c. of 
normal nitric acid and the equivalent quantities of dichloracetic 
acid and sodium hydrate are mixed with each other, 0*76 
equivalent of sodium nitrate and 0*24 equivalent of sodium 
dichloracetate are found to be formed. The relative avidity 
of HNOs and CHCI2COOH is therefore said to be 0-76 to 
0*24 = 3*17. I give here the measurements of Ostwald, carried 
out at 25° G. with normal solutions. The figures calculated 
from the conductivities of the respective acids and salts are given 
for comparison. The agreement is satisfactory. 
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rhe theory leads to the result that the avidities of two acids 
)tand to each other in the same proportion as their conductivities 
it the same degree of dilution. 

At the point of equilibrium solid substances may separate 
)ut ; in this case we take into consideration only the dissolved 
>arts (cf. p. 140). This is, for instance, the case when one of 
ihe undissociated salts is very slightly soluble, e.g, silver chloride 
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\itiiif% t^ixfc hllowittii «qtuition holds ;^xid : — 

H-hA-X-hOH = i + i + HaO 

'rUi: two .^ym^Kils X and A together lepreaent the salt» which is 
tutmiflHUiiy <iuHMJciated at high dilutions. The nentralizaticm of 
a ^tmng ;u;id by a .<ftrong base corre^onds to the formation of 

wsiUtr (mm its component ions, H and OH. The psocess is 

' Vm't Hod: oud Btiicher, ZtU. phyvikal. Chem,, 1889, a» 484. 
^ Namst, Ztit. phynikal, Cfusm^ 1889, 4^ 372. 
' ftfoy«f, ZttU. phyiikfjJ. Chem., 1890-1895. 

* hiitilUiUr, ZeU. phynikal. Chem., 1881, 7, 358. 

* HjiJqvInt, Skand. Arehiv. /. Fhyaiologie., 1895, ^ 317. 

" Arrhmuiii, Zeit. phy^ifcaL Chem., 1890, 5, 19; 1894, 13, 407. 
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independent of the nature of the acid and base used, and there- 
fore the same quantity of heat (13,500 cal. at 18° C.) is always 
evolved on the neutralization of strong acids by strong bases, as 
Jul. Thomsen ^ found. The theory of electrolytic dissociation 
has thus furnished an explanation of this important law of 
thermochemistry. 

If the acid and base used in the neutralization are not com- 
plA)^. dissociated, the heat of neutralization is equal to the 
hep'rf formation of water (13,500 cal. at 18° C.) diminished by 
the quantities of heat which must be supplied to dissociate the 
undissociated parts of the acid and the base. By means of the 
formula given on p. 148, which van't Hofif has deduced, this 
quantity of heat may be calculated from the change in the 
electrical conductivity of aqueous solutions of the acid and 
the base with temperature. I^ made the necessary measure- 
ments, and from them calculated the heats of neutralization of 
different acids by sodium hydrate, and compared these calculated 
values with those observed by Jul. Thomsen at 21°*5 C. This 
comparison gives — 
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On nmtralizing an acid with a hose there is an increase in 
volume. Ostwald has measured this increase, which is called 
the "neutralization volume." As the theory demands, this 

1 Thomsen, cf. esp. J. pr. Chem. (2), 1876, 18, 241 ; " Thermochemische 
Untersuchnngeii,^' vol. i. (Leipzig, 1882). • 

2 Arrheoins, Zeit physikal, Chem., 1889, 4, 96. 
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If «e knear llie ^ta^ m the eoadadirity ti vmtcr widi 
tke taafBotaob, ve ooold, in ui sBakigoas buimS', ttftkiag 
■n of tbe eqDMaoB «f Tni*t Hali; cakabta the bnt of dtmxutMn 
ef WBteT inRt its ioos H utd OH. wfcidi is ideotioal with, but 
rf iqipoEite sigii to, the heu of neBtnliutios <rf' simng acids by 
sboDg bsses at lu^ dilations. Sncii detenniBBtioQs bars been 
nade bjr KoUranfidi and HeTdweiUer.' Tbe obsen'ed %~alaes 
veas eosnpued wilJi those calculated from the heat of dissixiatioa 
of mtor, as detenniaed l>y Thomsen's measureueDts of the 
beat of nentjaliation. Ttds changes with tbe temperature, and 
IB tbe interval inrestigated ( — 2' to + 50° C), it is approxi- 
maiely inversely proportional to the absolute temperatore. 
Kcdilrauech and Heydweiller give the following values for the 
specific conductivity (i) of water, multiplied by 10* : — 
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The agreement is so excellent that Kohlrausch and Heyd- 
weiller regard it as the most convincing proof of the oorreot- 
ness of the theory of electrolytic dissociation. The degree of 
dissociation of water into its ions is so very small, that at 
0= C. only 0-35 X 10"', at 25° C. 1'04 X lO-f, and at 50" 0. 
2'48 X 10"' gram-ions of hydrogen (H) are contained in one 
litre of water. For most purposes, as, for instance, in calcu- 
lating the heat of neutralization, we may therefore, without 
noticeable error, neglect the dissociated parts of the water. 

The electrolytic dissociation of water has been determined 
indirectly in three different ways, namely, from tho liydrolyBia 
of salts (avidity of water) by myself,* from the eleotromottva 



' Kolilrausch and Heydweiller, Zeit. phytikal. Oktm 
> ArrheninB, Zeit. ph^sikal. Chem., 1893, 11, 821. 
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u auolbe? pbeDomenoD connected witb difTusiou, to 
vhidi I mi^t draw attention in a few words, because it is 
flaaflj e^Iicable according to the theory of electrolytic dissocia- 
tioit, and aeems qnite inexplicable without it. If hydrochloric 
add ia disscdved in water, and pure water is poured above this 
aolatuo, the solution will soon become charged negatively, and 
tfae water above positively, because the H-ions move about 5 
times as quickly (at 12° C.) as the Cl-ions. The observed diffusion 
constant of diluta HCl, as also that calculated according to 
Nentst, is 209 at 12" C. If there were no electric charges to 
exert their influence, the diffusion-constant would be 617 for 
H-ions. STow, !• have found that if a substance such as 
alcohol or cane-sugar, or even a salt, is dissolved in the water 
where the diffusion is taking place, the movement of the diffusing 
molecules is always hindered, so long as they consist of non- 
electrolytes, t.e. when the diffusing molecules are not electrically 
charged. Therefore, if the molecules of HCl were not dissociated 
into chained ions, we might expect with certainty that their 
diffusion would proceed more slowly (about 9 % according to 
other experiments) in a normal solution of sodium chloride 
than in pure water. 

But just the reverse is the case. The electric charge not 
only draws back the H-ions, but also the Na-Ions. The force 
acting is, so to say, divided between a greater number of mole- 
cules, and it is easy to calculate that if for every molecule of 
HCl there are » molecules of NaCl, the diffusion constant h of 
the H-ions (we say of the acid) will have the following values 
(at 12°C.):— 
M = 01 0'2 0'6 1 2 5 10 » 
jfc = 2-09 2'20 2-30 2'68 2-96 3'52 4-44 5'07 617 

If the number of NaCl molecules is exceedingly great, the 

electrical force will exert no sensible influence upon the move- 

+ _ _ 

ment of the H-ions ; the diffusion will go on just as if there 

were no electrical force to hinder it, and h will reach the value 

617. In the experiments, a cylindrical vessel was one-quarter 

' Arrlieniua, Ztil, phyiikal. Chtm., 1892, 10, 51. 
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pressure of the cane-sugar in the solution, as the figures in the 
last column show. 

The velocity of reaction enters into the equation of 
equilibrium (cf p. 140), and therefore it would be more exact 
to write the two factors of this equation, not as the product of 
the concentrations of the reacting molecules (or ions), but as the 
product of their osmotic pressures. 

Now, as said above, the most strongly dissociated 
electrolytes do not follow the law of mass-action, which 
Ostwald and Bredig have shown to be valid for weak acids 
and bases. This may easily be understood as a consequence 
of the deviation of the osmotic pressure fix)m proportionality 
with the concentration. Consider a solution of a salt in 
water ; the depression of the fieezing-point may, if the solution 
is very weak, be calculated as being proportional to the total 
number of ions and undissociated molecules. But at higher 
concentrations deviations occur, just as in the case of cane- 
sugar, and in most cases the observed fteezing-point is lower 
than the calculated one. As Noyes ^ has recently shown, the 
difference between the calculated (&om the electrical con- 
ductivity) and observed values of the lowering of the freez- 
ing-point does not exceed more than 2 or 3 %, as long as the 
concentration of the salts examined (of the type KCl and 
E9SO4) is not greater than 0*25 normal. The heat of solution 
of potassium perchlorate has been calculated with about the 
same degree of exactitude (within 11 %) from the conductivity. 
This seems to me to indicate that the chief cause of the devia- 
tion of the osmotic pressure from proportionality with the 
concentration is probably the quantitatively unimportant undis- 
sociated fraction of the salt. 

The molecular lowering of the fireezing-point, which, 
because of the decreasing dissociation, might be expected to 
decrease with increasing concentration, does not fulfil our 
expectations, excepting for weak solutions, where the deviations 
from van't HoflTs law are not so very important. This is due 
to the excess of the osmotic pressure over the calculated value, 
which excess increases with concentration. At medium con- 
centrations, therefore, a minimum value of the molecular 

1 Noyes, ZeiL physikal. Chem., 1898, 26, 699 ; Science, 1904, 20, 699. 



PROBLEMS TO BE SOLVED, OBJECTIONS 197 

lowering is often found, which thereafter increases with the 
concentration. This was already shown by my researches in 
1888 1 for solutions of CaCla, SrCU, MgCla, CuCla, and Cdla. 
An analogous effect is found for the diffusion constant, and is 
due to the same cause, as I pointed out in 1892 (especially for 
salts of the type NaCl).^ The assertion which \a made at times 
that these facts are not in accordance with the prevalent 
theory, is obviously not well founded. 

Even some weak acids do not conform very closely to the 
law of Ostwald. The majority of these belong to the very 
important group of so-called amphot&inc electrolytes, this name 
being given to them because they are both acids and bases at 
the same time. The best known are the amido-acids, e,g,j 
aspartic acid, and amidobenzoic acid, which play a highly 
important role in physiological chemistry; the derivatives of 
albumen also belong to this group. The apparent deviation of 
these acids from Ostwald's law has been fully explained by the 
investigations of James Walker ^ and others. 

It has often been found that solutions in solvents other than 
water behave in a rather irregular manner. The most 
difficult to explain are some results of Kablukofif,* Euler,^ 
(Jodlewski,^ Kahlenberg and Euhofif,*^ Plotnikofif ® and especially 
Lincoln,® who have found solutions, in which the molecular 
conductivity, i,e. according to the dissociation theory, the 
electrolytic dissociation, decreases with increasing dilution. 
Steele, Mcintosh, and Archibald ^° have obtained similar results. 
They investigated the solutions of organic compounds, such as 
ether and acetone, in the halogen hydrides, and under certain 
defined conditions they found an " abnormal " alteration of the 

1 Arrhenius, Zeit, physikal, Chem.j 1888, 2, 496. 

2 Ibid., 1892, 10, 88. 

3 J. Walker, Froc. Boy, Soc., 1904, 78, 155. Zeit, physikal Chem., 1904, 
49, 82 ; 1905, 51, 706. 

4 Kablukoff, Zeit. physikal. Chem.y 1889, 4, 429. 

6 Euler, Zeit. physikal. Chem., 1899, 28, 619. 
® Godlewski, Anz» Ak. Wiss. Krakau, 1904, 

7 Kahlenberg and Ruhoff, Journ. physical Chem., 1903, 7, 254. 

8 PlotnikofiF, Zeit. physikal. Chem., 1904, 48, 224. 
Lincoln, Journ. physical Chem., 1899, 8, 457. 

10 Steele, Mcintosh and Archibald, Trans. Boy. Soc. A., 1905, 205, 99. 
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Blood corpuscles, red, 160 

Bodl&nder, 80, 182 

Bohr, 195 

Boiling-point curves, 32-37 

Boiling-points of solutions, 164-168 

Boltwood, 20 

Boltzmann, 1, 7, 115, 119; heat of 
dissociation, 149 

Boyle, 9, 10, 15, 115, 125, 128 ; B. and 
Mariotte's law, 9, 10, 109, 110, 195 ; 
researches on gases, 109, 110; law 
valid for osmotic pressure, 163 
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BRdi^ 180, 193. V^ 196 
BranuBe, ml high tcmpentnres, 79 
50, 117 



cvhoojite, disBodmtkn of, 150 
freesiBg-poiiit carre, 1^; 
inm^ 13S-137, li4, 186 

CaBBinaro, 113 

GapiBantj, 42 

Gtiboa aiom, atmnmetric, 7-1-78 

Ckriisk,50,5r 

Cvndlej, 152 

Caniot,7 

CaUlTtk processes, 1S5-137, 186, 192; 

Wiiiiani9QO*s ezpUnatioa, 139, 140 
Cathode rajs, 89 ; Lenard^s experiments, 

89-92 ; abeorption-coefficient for, 91 
CaTendish, 41, 48 
Charies,110 

Chemical kinetics and statics, 132-145; 

tables of afllnitj, 132; Bergman's 

sTstem, 132; Berthollet*s chemical 

eqoilibrinm, 133; mass-action, 133, 

134, 140 ; reactions, 135-145 

Chemical reactiTitj and electrical con- 

dactiTitj,parallelismbetween,157,158 

Chemistry, dnalistic theory of Benelios, 

58, 80; old hypotheses in, 12-20 
Chrominm chlorides, formnls of, 79 

Clark, 176 

ClansiiB, 7, 115, 140 ; hypothesis of, 158 

Codin,106 

Cohen, 139, 172 n. 

Colding,7 

Colour of solutions, 176-179 

Combination, heat of, 153 

Compressibility, 174 

Concentration elements, electromotive 

force of, 67, 171, 191 
Condensed systems, 152 n. 
Contravalence, 80, 81 
Cook, on heliom, 130 
Co-ordination number, 87 
Copper sulphate, hydrates of, 68, 69, 88 
Copper-zinc cell, 66, 190 
Coronium, 97 
Cotton, 75 

Coulomb's law for electrical quantibes, 9 
Crafts on vapour-densities, 146 
Cryohydrates, 31, 32 
Curie, Mme., 19 ; radium, 19 



D 

Dalton, 4, 16, 17, 111 ; atomic theory 
(Uw) of, 4, 14, 16, 18, 35 ; and Demo- 
critus, 14, 17 ; and Proust, 16, 72 ; 
validity of his Uw, 39-46 ; and Gay- 
Lussac, 111 
Daniell, 80 ; and the dualistic theory, 80 
Davy, 44, 55, 62 ; his researches, 50, 51 
Debray, 150 
Deimann, 49 
Democritus, atomic hypothesis of, 4, 14 ; 

and Dalton, 14, 17 
Deviations of electrolytes from simple 

laws for gases, 195-203 
Deville, St Claire, 40, 113 ; studies in 

dissociation, 146, 149 
De Vries, researches on osmotic pressure, 

159, 160, 162 
Diazoacetic ester, 192, 193 
Dielectric constant, 125-127 
Diffusion, 10, 41, 121 ; van*t HofPs idea, 
188 ; velocity of, 188 ; coefficient of, 
188, 202 : constant, 189, 190 ; of elec- 
trolytes, 170, 171, 197 
Dissociation, 113, 146-156; phenomena 
of, 146-155, 169 ; heat of, 149 ; elec- 
trolytic, g.t7. 
Dissolved substances, general laws for, 

157-168; see Osmotic pressure 
Distillation, fractional, 34 
Dittmar, 35 

Donders on osmotic pressure, 160 
Double-Unking, 83-86 
Dulong, 134 
Dumas, 58 

Ebert, 64 

Electrical conduction, 1-3 ; of electro- 
lytes under pressure, 184; in mix- 
tures, 202, 203 ; of insulators, 59 ; of 
pure substances, 28; of sulphuric 

acid, 23 
Electrical conductivity and chemical re- 
activity, parallelism between, 157 
Electrical forces between the atoms: 
Faraday's law, 47-57; chemical va- 
lency and affinity, 58-71 ; attraction, 
62 ; matter as a manifestation of, 106 
Electricity, atomic constitution of, 48 
Electro-chemical equivalents, 53-57 
Electrode, signification of, 55 
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Electrolysis, 49-56, 58-67; Faraday's 
law, 61 ; Leblaiic*s experiment, 64, 65 
ElectrolTtes, condactirities of, 28, 59; 
all chemical compounds are, 60 ; 
Arrhenins' investi^tion, 157-150 ; 
electrically active and inactire mo- 
lecules, 157, 169; velocity propor- 
tional to conductivity, 157; Ostwalds 
researches, 157, 175, 176; additive 
properties of aqueous solutions of, 
172-179 
Electrolytic dissociation, 165, 169-193 ; 
Arrhenius* researches, 170, 171, etc. 
(«00 Arrhenius) ; wide-reaching ap- 
plication of theory, 172-193; addi- 
tive properties of aqueous solutions, 
172 - 175 ; poisonous and curative 
properties of salts, 176; Ostwald's 
researches, 176, 179; proof of cor- 
rectness of theory, 185; velocity of 
diffusion, 188 ; ** ahnost a fact,*' 194 ; 
objections to the theory considered, 
and problems yet to be solved, 194- 
203; degree of, 197-203 
Electromotive force, 61-66; of concen- 
tration elements, 67, 171, 191 
Electrons, 86, 89-108; composition of 
atoms, 89-108 ; J. J. Thomson's 
hypothesis, 93-102; Nagaoka's as- 
sumptions, 102 
Elements, 12; MendeleefTs periodic 
system of, 86, 87, 95-98 ; modifica- 
tions of, 97 n. 
Empedocles, 12, 13 ; his standpoint, 13 ; 

and Lavoisier, 14 
Snergy, equivalence of different kinds 

of, 7 
Spsom salts, 152 

liquilibrium, chemical, 133, 135, 140, 
143, 144, 146, 180 ; for gases, Horst- 
mann*s law, 144, 147; relation of, 
to thermodynamics, 146, 150, 179; 
Planck's equation, 148, 184; homo- 
geneous, 142-144, 146, 150 n. ; hete- 
rogeneous, 150 n., 150-156, 181 ; con- 
densed systems, 152 n. ; Gibb*s phase 
rule, 155, 156; between electrolytes, 
179 
Equivalence of different kinds of energy, 

theory of, 7 
Esters, formation of, 137; saponifica- 
tion of, 138, 139, 187 



Ether vortices, 39 

Ethyl alcohol, hydrates of, 27; as 

solvent, 198; viscosity of solutions, 

27; boiling-points of solutions, 33, 

34 
Ethylene linking, 75, 76 
Ethyl ether, formation of, 139; as 

solvent, 164 
Euler, 197 
Exner, 6 

Experiment, error of, 8 
Eykman, 163, 166 



Fanjung, 181 

Faraday, 44, 47, 58, 59, 61, 95 ; Lecture, 
(Helmholtz) 44, 58, 64,(Ostwald) 45 : 
his law, 53, 54, 61 ; electrical forces 
between the atoms, 62 

Favre, 150 

Ferrocyanides, 57, 175 

Fick, 10 

Fischer, Emil, 78, 106 

Fluorescein derivatives, 176, 177 

Fourier's researches, 1, 10 

Fraenkel, 193 

Free energy, 68, 69 

Freezing-point, intimately related to 
osmotic pressure, 166-168; of solu- 
tions, 24-26, 30-32, 35, 158, 159, 163, 
194-197 

Frowein, 70, 154 

Fumaric acid, 76, 77 



G 

Galileo, 10 

Gallium chlorides, formulsB of, 79 

Gases, theory of, 109-131 ; Boyle (and 
Mariotte),Gay-Lussac, and Avogrado, 
109-115, 195 ; kinetic theory of, 115, 
128, 129 ; velocity, etc., of molecule, 
116-118 (see Molecule); atmosphere 
of earth, moon, and planets, 129-131 ; 
reactions, 137; law of equilibrium 
for, 144, 147, 179; refractive index 
of, 125, 126 

Gassendi, 15 

Gay-Lussac, 72, 109, 133 ; law of simple 
volumes, 72, 111 ; and Dalton, 111 
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Heiinm, 19, 97. lOSr-lW; Staney and Jod»,24.1*^-'»- 

Gookoa, i2», laa ^ *^^ 

tyiwawaim^ 7, 4A, 4&, *52» ♦»» Ti, *33; jiddin, 1» 

Vsraaay Ijactoie, 44^ 58-^ ; atonic ^ 
constiiiifcafm. oi eleetncity, ^', ^^ 

▼W«» Btnetinaf theory, 5& ; dectro- ^^IhJbdC 19^ 
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67, 171; free energy, » S^oifinanm ^*^ _, -^ rnnstaii 
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Bofttmaon, TO, 158; law* ol eopor i85,l86,18» 

Ubrium for gpuMs, 144, 147; a*iidi» ^^jhiiimtt*, "VT., 23 

in disMciation, 149, 154 Ki)lbe,T4 



Hydnite theory of soliiyons>21-3S; re- ^^tjoowalow, 33, 36 

Baoult, Jones^ 21-37; Tapoiir-ten- ^j^j^g^lTB 

«<«» and ^seontmmtiflh 28-31; ^,nndt,U8 
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fliid freezing 32-35 \ lirten**"— 





^H 


INDEX ao9 ^H 


Uroiser, 4, M; invest ig»t ion ofwlcL- 


hjdratei, 21-2*, 27 ; petiodie srstcn 


n»t»n. 4, 13 ; uid Empedodes, M ; 


of the elements, 86. 95-98, 1 19 ; doc- 




trine of valency vwified by ijilan 


L«w, Ohm'i. 1, 8, 10 ; DiJton"B.4, 16, 35, 


of, 86 : on gas laws, 195 


78; Newtou's. 9; Cooloi^b's, 9; 


Metals, vaponr-densiUei of, 78. 79 ^H 


Sndl'f 9 ; Borle'x (Uariotte'e). 9, 10, 




110, 115 ; V«n der Woals', 10, 125, 


^H 


IB7: r«;k-s,10;Fourier'B,10; Proosfa. 


Meyer. L., 125 ^H 


16. H. 72 ; Baoulfs, 24 ; GibU', 33 ; 


Meyer, 0. E., 123, 128 ; table o( Hs- ^H 




eositj, 124 ^H 


daj's, 53, 54, 61 ; Avogrado's, 60, 


Meyer, Victor, 79, 149; on vaponr-dm- ^M 


112,115; O>j-LiBsac-a.72,110,lI5; 


sities, 146 ^H 


Cluu!ai',110; GnldbergaadWaoge's; 


MeyeihufTer. 31 ^^H 


m. 144; Ooretaiann-B, H4, 1*7; 


Michelson, 126 ^H 


ran'l HoTa. 163 


Miolati, 15* ^^H 


Le Bel, 7* 


MiKcibility of gases and liquids. 41 ^^| 


LeMine, 04; electrolytic eipwiment, 


Molccnlar compotmds. 67-71. 86-88, ^H 


«*,e5 


150-155 ^H 


Le CbateUer, 150 


Molecular refraction, 142 ^H 


Unwine, 149 


Molecular voloDie, 173, 174 ^H 






hjpotbBsis, 89, 95 ; cxperimpnta on 






Victor Meyer and Crafts, 146 ^H 


hypotheais of the Kpectrn. 103 




Le»eoenr, 154 




Light, theories of, 5 


velocity of, 116, 120; kinetic energy ^H 




ood specific heat, 116-120 ; diSosion, ^H 


I*ekjw,18; his hypothesis, 18 




I«afa,17S 


vdnme, dielectric cotutuil. charge, ^^| 


LtKbmidt, 125 


124-128 ^H 


Lmninoiitj, due to vibrations of charges, 


Morse. 162 ^^| 




MossotU, 127 ^B 


M 


Muller-Er2bach, 154 ^^1 


Malagnti on mass-action, 134, 135 


^^1 


Maleic acid, 76, 77 


Nagaoba, 102; bis researches, 102 ^H 


Marggraf, 134 




Mariotte. flte Bojie 


Natanson, L., on dissociatioa, 149 ^^H 


Marvin, 152 


Natterer, 9 ^H 


MasB-action, law of, 132-135,140, 1*1 ; 




deviations from, 194 


stances in, 41 ^H 


Mass, conservation of, U. 137 


Nannunn, 149 ^H 


Matter as a manifestation of eiectrical 




forces. 106, 108 


force of concentration elements, 171, ^H 




1 90 ; velocity of diifaflion, 188 ; soln- ^H 


119,121,123,126 


tion presanre, 190 ^H 


Mayer. 7 




Mayow, 13 


heat of, 142, 183 ; volnoie of, 1*2. 184 ^H 


Mcintosh, 197 


Newton, 6, 9, 15; bw of attraction, 9 ^H 


HcEenzie, TS n. 


Newtoninm, 98 ^H 


Mendel^eff. 21, 86. 195; researches on 


Nicholson. 50, 54 ^H 
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